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I.  INTRODUCTION 


The  insulin-like  growth  factor  binding  proteins  (IGFBPs)  1-6  bind  IGF-I  and  IGF-II  with 
high  affinity  and  serve  to  transport  the  IGFs,  prolong  their  half-lives,  and  modulate  their 
proliferative  and  anabolic  effects  on  target  cells  (1-9).  The  molecular  mechanisms  involved  in 
the  interaction  of  the  IGFBPs  with  the  IGFs  and  their  receptors  remain  unclear,  but  these 
molecules  appear,  at  least,  to  regulate  the  availability  of  free  IGFs  for  interaction  with  IGF 
receptors  (11-12).  Recent  studies  from  our  laboratory  and  others  demonstrated  that  some 
IGFBPs  have  ability  to  exert  IGF-independent  actions  (13-17). 

In  this  project,  I  proposed  investigation  of  the  characterization  of  the  IGFBP-3-specific 
receptor,  the  elucidation  of  the  pertinent  signal  transduction  pathways  and  analysis  of 
structure-function  relationships  in  the  IGFBP-3  in  the  context  of  growth  control  in  human 
breast  cancer. 

11.  BODY 

I.  characterization  of  the  IGFBP-3  receptor  in  human  breast  cancer  cells  (Tasks  1-7). 

The  proposal  of  my  grant  is  to  investigate  the  biological  significance  and  mechanism  of 
IGFBP-3  as  well  as  identification  and  characterization  of  the  IGFBP-3  receptor  in  human  breast 
cancer  cells.  We  have  initially  proposed  to  employ  expression  cloning  by  use  of  X  expression 
libraties  for  identification  of  IGFBP-3  receptor.  The  expression  library,  consisting  of  Hs578T- 
derived  cDNAs  cloned  into  the  Xgtl  1  expression  vector,  was  generated  and  the  resultants  were 
screened  by  use  of  [^^^I]IGFBP-3  or  polyclonal  IGFBP-3  receptor  antibodies.  However,  We 
have  faced  technical  difficulties  during  the  experiments  due  to  the  nature  of  IGFBP-3  protein, 
showing  that  this  protein  binds  to  proteins  in  a  non-specific  manner.  As  an  alternative  approach, 
yeast  two-hybrid  screening  was  employed  to  identify  IGFBP-3  interacting  proteins.  As  a  first 
year  task,  I  initiated  to  identify  IGFBP-3  receptor  in  human  breast  cancer  cells  by  employing  an 
yeast  two-hybrid  system.  To  date  this  approach  has  been  successfully  proceeded  using  total 
Hs578T  breast  cancer  cell  mRNA  for  cDNA  library  and  cDNA  encoding  IGFBP-3  fragment 
(IGFBP-3**'''‘*)  for  a  bait .  We  have  successfully  screened  the  IGFBP-3  interacting  proteins 
including  putative  IGFBP-3  receptor  in  human  breast  cancer  cells  by  employing  the  yeast  two- 
hybrid  system.  One  of  the  cDNAs,  designated  clone  4-33  represents  a  novel  gene  /  protein. 
During  the  third  year  peroid,  we  have  synthesized  recombinant  human  4-33  protein  by  use  of  a 
Glutathione  S-Transferase  fusion  and  generated  polyclonal  4-33  antibodies.  We  characterized  the 
specificity  of  the  antibodies  by  showing  immunoprecipitation  of  clone  4-33  protein  with  the 
antibodies.  On  an  immunoblot  of  cell  lysates  from  normal  and  cancerous  human  breast  and 
prostate  cell  lines,  the  clone  4-33  antisera  recognizes  a  species  which  migrates  at  roughly  32 
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kilodaltons.  We  have  also  demonstrated  specificity  of  the  clone  4-33  antisera  in 
immunocytochemical  staining  of  transiently  transfected  human  breast  cancer  cell  lines. 
Furthermore,  in  collaboration  with  Dr  C.  Corless,  who  is  an  associate  professor  of  Pathology,  we 
have  successfully  characterized  our  polyclonal  anti-IGFBP-3  and  IGFBP-3  receptor  antibodies. 
As  indicated  in  the  Figure,  the  IGFBP-3  receptor  was  detected  in  ductal  invasive  carcinoma  cells 
but  not  in  stromal  fibroblasts  and  fat  bodies  using  IgG  purified  polyclonal  IGFBP-3R  antibody. 
No  detectable  staining  was  observed  with  IgG-purified  preimmune  serum.  Furthermore,  we  have 
detected  IGFBP-3R  protein  from  in  a  variety  of  frozen-fresh  tumor  tissue  samples  by  Western 
immunoblot. 


Immunohistochemistry  of  IGFBP-3  Receptor  innunoblot  of  IGFBP- 

in  Human  Breast  T umor  (TB1980)  3r  in  Breast  Tumor  Samples 


(x200)  (x400) 


In  our  continuing  investigation  of  the  biological  importance  of  IGFBP-3,  we  have  characterized 
specificity  of  the  IGFBP-3  receptor  binding  to  IGFBP-3  and  involvement  of  the  IGFBP-3 
receptor  on  the  IGFBP-3-induced  growth  inhibition. 

As  IGFBP-3  has  been  previously  reported  to  specifically  bind  to  the  surface  of  breast 
cancer  cells  and  subsequently  exhibit  growth  suppressing  activity,  I  further  determined  whether 
the  IGFBP-3  receptor  might  participate  in  this  process.  Hs578T  and  MCF-7  human  breast  cancer 
cells  were  transiently  transfected  with  a  construct  encoding  IGFBP-3  receptor  FLAG-tagged  at 
the  C-terminus  (4-33’')  or  with  vector  alone.  These  cells  were  then  subjected  to  a  monolayer 
binding  assay  using  '^^I-labelled  IGFBP-3.  The  overexpression  of  4-33  resulted  in  a  30-60% 
increase  in  IGFBP-3  binding  to  the  cell  surface  relative  to  cells  expressing  endogenous  levels  of 
4-33  (see  Appendix  1).  This  result  was  greatly  magnified  when  the  same  assay  was  done  using 
Sf9  insect  cells  either  uninfected  or  infected  with  virus  harboring  the  4-33''  cDNA,  as  the 
infected  cells  overexpress  4-33''  to  a  much  greater  degree  compared  to  control  cells.  In  these 
cells  the  increase  in  IGFBP-3  cell  surface  binding  was  nearly  3.5  fold  over  control.  The 
increased  IGFBP-3  binding  was  competed  in  a  dose-dependent  manner  with  the  addition  of  cold 
IGFBP-3,  and  was  unaffected  by  the  presence  of  the  FLAG-tag  at  the  C-terminus  of  the  4-33 
protein.  Further,  fragments  of  IGFBP-3  containing  the  putative  binding  region  for  4-33  (amino 
acids  88-148)  were  able  to  successfully  compete  labelled  full-length  IGFBP-3  binding,  but  an  N- 
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terminal  fragment  comprised  of  amino  acids  1-97  was  not.  Additionally,  other  IGF  binding 
proteins  were  unable  to  compete  IGFBP-3  binding  in  this  assay,  demonstrating  IGFBP-3 
specificity. 

The  IGFBP-3  receptor  involvement  in  lGFBP-3  biological  function:  cell  cycle  arrest  and 
apoptosis. 

To  facilitate  the  study  of  the  biological  actions  of  4-33  and  IGFBP-3,  we  have  generated 
a  stably-transfected  inducible  IGFBP-3  MCF-7  breast  cancer  cell  line  using  theecdysone- 
inducible  system  (see  Appendix  2).  One  of  the  sublines,  designated  MCF-7:BP-3  #3  (colony 
#3),  inducibly  produced  IGFBP-3  at  levels  comparable  to  the  endogenous  levels  produced  by 
Hs578T  cells.  The  induction  of  IGFBP-3  in  these  cells  caused  inhibition  of  growth  and  DNA 
synthesis  as  measured  by  incorporation  of  [^H]thymidine,  to  a  similar  degree  as  has  been 
described  for  treatment  of  MCF-7  cells  with  exogenous  IGFBP-3.  Induced  expression  of 
IGFBP-3  in  these  cells  further  leads  to  cell  cycle  arrest  at  G).  We  observed  an  increase  in  the 
percentage  of  eell  in  G]  from  72.1%  to  78.1%,  with  a  concurrent  deerease  in  cells  in  S  and  G2/M 
phases  (see  Appendix  2).  Further,  our  data  indicate  that  IGFBP-3  induces  apoptosis  in  this  cell 
system. 

Studies  of  4-33  in  breast  cancer  cells  which  produce  IGFBP-3  demonstrated  that  transient 
overexpression  of  4-33  resulted  in  a  significant  increase  in  cell  detachment  /  death  over  time, 
compared  to  little  or  no  effect  in  cells  which  do  not  produce  IGFBP-3.  IGFBP-3-expressing 
Hs578T  cells  displayed  fewer  cells  per  field  following  transient  overexpression  of  4-33 
compared  to  transfection  with  vector  alone,  while  no  such  effect  was  seen  in  IGFBP-3- 
nonexpressing  MCF-7  cells.  We  further  investigated  the  effect  of  4-33  and  IGFBP-3  on  cell 
proliferation  as  indicated  by  incorporation  of  [^H]thymidine  during  DNA  synthesis.  We 
compared  wild  type  MCF-7  cells  with  the  MCF7:BP-3  #3  subline,  with  and  without 
incubation  with  ponasterone  A.  As  expected,  induction  of  IGFBP-3  by  ponasterone  A  resulted  in 
an  inhibition  of  DNA  synthesis  to  an  average  of  55%  of  control  levels  (see  Appendix  2).  With 
the  additional  overexpression  of  4-33  in  these  cells,  DNA  synthesis  was  further  inhibited  down 
to  an  average  of  35%  of  control  levels  (see  Appendix  1).  Overexpression  of  4-33  had  no 
significant  effect  on  DNA  synthesis  in  the  absence  of  IGFBP-3  (either  wild  type  MCF-7  or 
uninduced  MCF-7:BP-3  #3  cels),  and  ponasterone  A  had  no  inhibitory  effect  in  wild  type 
MCF-7  cells. 

Taken  together,  we  have  successfully  executed  the  proposed  tasks  for  identification  and 
characterization  of  the  lGFBP-3  receptor  in  human  breast  cancer  cells. 
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2.  Identification  of  the  IGFBP-3/IGFBP-3  receptor-induced  signal  tansduction  pathway 
(Tasks  8  and  9) 

Induction  of  IGFBP-3  in  inducible  IGFBP-3  stably  transfected  human  breast  cancer  cells 
showed  dose-dependent  inhibition  of  DNA  synthesis  as  assessed  by  [^HJ-thymidine 
incorporation  assays.  This  inhibitory  effect  was  abolished  by  co-treatment  with  Y60L-IGF-I,  an 
IGF  analog  which  has  significantly  reduced  affinity  for  the  IGF  receptor  but  retains  high  affinity 
for  IGFBP-3,  demonstrating  specificity  and  IGF-independence.  In  addition,  flow  cytometry 
analysis  showed  that  induced  expression  of  IGFBP-3  led  to  an  arrest  of  the  cell  cycle  in  Gl-S 
phase.  Induction  of  IGFBP-3  resulted  in  a  significant  decrease  in  the  mRNA  and  protein  levels 
of  cyclin  D,  but  not  cyclin  E,  as  well  as  concomitant  decreases  in  the  levels  of  cdk4,  total-Rb, 
and  phosphorylated-Rb,  consistent  with  and  presenting  a  possible  mechanism  for  IGFBP-3- 
induced  cell  cycle  arrest.  Moreover,  IGFBP-3  inhibited  oncogenic  Ras-induced  phosphorylation 
of  MAPKs,  presenting  the  evidence  for  cross-talk  of  IGFBP-3  signaling  with  MAPK  signal 
transduction  pathway.  IGFBP-3-expressing  cells  also  displayed  increased  Annexin  V  binding 
compared  to  controls,  exhibiting  the  IGFBP-3 -induced  apoptosis.  Further  studies  demonstrated 
that  IGFBP-3  caused  an  increase  in  caspase  activities,  suggesting  a  potential  mechanism  for  the 
IGFBP-3-induced  apoptosis.  Taken  together,  present  study  shows  that  cellular  production  of 
IGFBP-3  leads  to  cell  cycle  arrest  and  induction  of  apoptosis,  thereby  inhibiting  cell  proliferation 
in  these  MCF-7  human  breast  cancer  cells  and  suggesting  that  IGFBP-3  functions  as  a  negative 
regulator  of  breast  cancer  cell  growth,  independent  of  the  IGF  axis. 

Cell  cycle  arrest.  We  examined  the  effect  of  the  IGFBP-3  receptor  on  these  specific  proteins 
known  to  be  involved  in  cell  cycle  progression  and  the  apoptotic  process  (see  Appendix  2). 
Hs578T  and  MCF-7  cells,  and  the  IGFBP-3-constitutively  expressing  MCF-7:BP-3  #1  cell  line 
were  either  left  untreated,  treated  with  an  apoptosis  inducer  (sodium  butyrate,  NaB),  or 
transfected  with  vector  alone  or  the  IGFBP-3  receptor.  At  24  hours  post-transfection  cell  lysates 
were  harvested,  assayed  for  protein  content,  and  equal  amounts  of  protein  per  sample  were 
immunoblotted.  Examination  of  cell  cycle  proteins  cyclin  Dl,  cyclin  E,  and  p21AVafl  revealed 
a  specific  decrease  in  the  level  of  cyclin  Dl  protein  in  the  IGFBP-3  receptor-transfected  cells  in 
the  presence  of  IGFBP-3.  Control  transfected  cells,  and  the  IGFBP-3  receptor-transfected  cells 
in  the  absence  of  IGFBP-3  had  no  effect  on  cyclin  Dl  levels.  Cyclin  E  and  p21/Wafl  were 
unaffected  by  these  treatments,  while  proper  induction  of  p21/Wafl  was  seen  with  NaB 
treatment.  Additionally,  when  the  IGFBP-3  receptor-transfected  cells  were  examined  by 
immunofluorescence  with  antibodies  against  Cyclin  Dl,  Rb  and  the  IGFBP-3  receptor,  a 
significant  reduction  in  both  Cyclin  Dl  and  Rb  immunodetectable  protein  levels  occurred  in  4- 
33-transfected  cells,  but  not  in  neighboring  untransfected  cells.  A  possible  mechanism  for  this 


7 


A 


effect  may  be  perturbation  of  p44/42  mitogen-activated  protein  kinase  (MAPK)  signaling 
pathways.  Our  data  indicate  that  levels  of  phosphorylated  MAPK,  Cyclin  Dl,  and 
phosphorylated  retinoblastoma  (Rb)  proteins  are  significantly  reduced  upon  induction  of  IGFBP- 
3  expression  in  MCF-7:BP-3  #3  cells  (see  Appendix  2). 

Apoptosis:  We  further  investigated  whether  the  IGFBP-3  receptor  plays  a  role  in  IGFBP-3- 

induced  apoptosis.  Hs578T,  MCF-7,  and  induced  MCF-7:BP-3  #3  cells  were  either  untreated  or 
transfected  with  vector  or  4-33  and  the  cell  cycle  profile  was  analyzed  by  propidium  iodide 
staining  of  DNA  content  followed  by  flow  cytometry  detection  (see  Appendix  1).  In  each  case, 
the  IGFBP-3  receptor- transfected  cells  displayed  an  increase  in  the  sub-Gl  population  and  a 
concurrent  decrease  in  the  S/G2/M  population  compared  to  control  cells.  A  peak  in  the  sub-Gl 
range  can  be  indicative  of  cells  undergoing  apoptosis.  We  investigated  this  further  using  an 
Annexin  V  assay,  which  is  used  to  identify  cells  early  in  the  apoptotic  process.  By  incubating 
suspended  cells  with  FITC-labelled  Annexin  V,  coupled  with  concurrent  propidium  iodide 
staining  without  permeabilization  of  the  plasma  membrane,  it  is  possible  to  discriminate  between 
cells  in  early  apoptosis  and  those  in  late  apoptosis  or  necrosis  using  a  two-color  flow  cytometric 
analysis.  Hs578T  cells  were  transfected  with  vector  alone  or  the  IGFBP-3  receptor,  and 
subsequently  harvested  and  assayed  at  14,  24,  36,  and  48  hours  post- transfection.  At  each  time 
point,  the  population  of  early  apoptotic  cells  was  significantly  increased  in  the  cells  transfected 
with  the  IGFBP-3  receptor,  compared  to  control-transfected  cells. 

As  IGFBP-3  has  been  shown  to  potentiate  caspase  activity,  we  examined  this 
phenomenon  as  a  potential  mechanism  for  IGFBP-3/IGFBP-3  receptor  biological  funtion. 
Caspases  are  a  family  of  evolutionarily  related  cysteine-dependent  proteases,  with  an  universal 
specificity  for  Asp  in  the  P^  position,  that  play  a  prominent  role  during  the  progression  of 
apoptosis.  Activation  of  caspases  and  subsequent  cleavage  of  critical  cellular  substrates  are 
implicated  in  many  of  the  morphological  and  biochemical  changes  associated  with  apoptotic  cell 
death.  Using  an  assay  which  detects  activity  of  a  broad  range  of  caspases  by  incubating  cell 
lysates  with  a  mixture  of  purified  fluorogenic  peptide  caspase  substrates  and  measuring 
subsequent  reaction  kinetics,  we  demonstrated  a  measurable  and  reproducible  increase  in  caspase 
activity  (described  as  pmol  substrate  cleaved  /  min  /  mg  protein)  in  Hs578T  cells  with  transient 
overexpression  of  4-33  compared  to  control-transfected  cells  (see  Appendix  1). 

Taken  together,  our  data  demonstrate  that  4-33  is  a  functional  IGFBP-3  receptor  and 
required  for  the  IGFBP-3-induced  cell  cycle  arrest  and  apoptosis.  The  potential  mechanisms 
appear  to  be  both  a  cross-talk  between  the  IGFBP-3/IGFBP-3  receptor  axis  and  MAPK 
signaling  pathway  and  induction  of  caspase  activity. 
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3.  Characterization  of  structure-function  aspects  of  IGFBP-3  action  in  human  breast 
cancer.  (Tasks  10-13) 

Previous  studies  have  demonstrated  that  the  effect  of  IGFBP-3  on  IGF-induced 
mitogenic  action  can  be  modulated  by  IGFBP-3  proteases.  It  has  been  demonstrated  that 
IGFBP-3  proteases  appear  to  enhance  mitogenic  action  of  IGFs;  proteolysis  of  IGFBP-3  results 
in  significantly  reduced  affinity  for  IGF  peptides,  thereby  facilitating  IGF  binding  to  its 
receptors.  Several  proteases  have  been  identified  in  human  breast  cancer  and  normal  mammary 
epithelial  cells  (18-23);  some  proteases,  such  as  cathepsin  D,  prostate  specific  antigen  (PSA) 
have  been  proposed  as  prognosis  factors  because  of  enhanced  expression  in  breast  cancer  cells. 
Interestingly,  these  proteases,  including  plasmin  (plasminogen  activator),  are  capable  of 
proteolyzing  IGFBP-3  molecule.  Therefore,  it  can  be  speculated  that  these  proteases  can 
modulate  not  only  the  IGFBP-3  effect  on  IGF  binding  to  IGF  receptors,  but  also  IGFBP-3 
binding  to  the  IGFBP-3  receptor  and  its  subsequent  biological  action.  We  have  generated 
proteolytic  fragments  derived  from  plasmin-digested  recombinant  human  IGFBP-3,  synthetic 
fragments  generated  using  the  baculovirus  expression  system,  and  IGFBP-3  fragments  in  normal 
human  urine  (see  Appendix  3).  With  each  of  these  reagents  we  demonstrated  retention  of  IGF 
binding  of  an  N-terminal  IGFBP-3  fragment,  albeit  with  significantly  reduced  affinity  as 
compared  to  the  intact  molecule.  In  addition,  we  demonstrated  that  these  N-terminal  fragments 
can  bind  specifically  to  insulin,  and  inhibit  insulin  receptor  autophosphorylation  (see  Appendix 
4).  As  further  investigation,  we  identified  differential  effects  of  IGFBP-3  and  those  IGFBP-3 
proteolytic  fragments  on  ligand  binding,  cell  surface  association  and  IGF-I  receptor  signaling 
(see  Appendix  5).  We  demonstrated  that  IGFBP-3  showed  a  dose-dependent  inhibition  of 
autophosphorylation  of  the  beta-subunit  of  IGF-I  receptor  (IGFIR).  The  (l-97)NH2-terminal 
fragment  inhibited  IGFIR  autophosphorylation  at  high  concentrations  and  this  effect  appears 
largely  due  to  sequestration  of  IGF-I.  In  contrast,  no  inhibition  of  IGF-I  induced  IGFIR 
autophosphorylation  was  detectable  with  the  (98-264)  and  ( 1 84-264)COOH-terminal  fragments, 
despite  their  ability  to  bind  IGF.  However,  unlike  the  (l-97)NH2-terminal  fragment,  the  COOH- 
terminal  fragments  of  IGFBP-3  retained  their  ability  to  associate  with  the  cell  surface  and  this 
binding  was  competed  by  heparin,  similar  to  intact  IGFBP-3  (Appendix  #5).  In  addition,  we  are 
in  the  progress  to  synthesize  IGFBP-3  mutants  which  show  no  binding  affinity  to  IGFs,  but 
retain  full  affinity  for  the  IGFBP-3  receptor. 

Taken  together,  those  IGFBP-3  fragments  as  well  as  a  (88-149)  mid-region  fragment  will 
provide  more  detailed  information  about  how  IGFBP-3  interacts  with  the  IGFBP-3  receptor  and 
how  the  IGFBP-3/IGFBP-3  receptor  complex  transmits  its  signaling  to  exert  biological  actions. 
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Our  proposed  project  supports  the  hypothesis  that  4-33  is  a  functional  receptor  for 
IGFBP-3  in  the  breast  cancer  system,  and  that  the  interaction  of  IGFBP-3  with  4-33  may  be  an 
important  mechanism  in  the  IGF-independent,  growth-inhibitory  actions  of  IGFBP-3.  These 
studies  firstly  demonstrated  the  underlying  mechanism  for  the  IGF/IGFBP-3  receptor-induced 
biological  function;  the  IGFBP-3/IGFBP-3  receptor  axis  arrests  cell  cycle  progression  through 
ablation  of  the  MAPK  signaling  cascades,  and  induces  apoptosis  via  potentiating  caspase 
activities.  Current  findings  under  this  grant  support  will  provide  pivotal  evidence  for  clinical 
significance  and  potential  application  of  the  IGFBP-3/IGFBP-3  receptor  axis  in  the  prevention 
and/or  treatment  of  human  neoplasia,  in  particular,  breast  cancer. 


III.  KEY  RESEARCH  ACCOMPLISHMENTS 


* 


•  Identification  of  a  new  gene  product  4-33  as  a  functional  IGFBP-3  receptor. 

•  Demonstration  of  the  binding  specificity  of  the  IGFBP-3  receptor  (4-33)  to  IGFBP-3  and 
other  binding  proteins. 

•  Characterization  of  the  IGFBP-3-induced  biological  function  in  human  breast  cancer  ells. 

•  Identification  of  the  potential  mechanisms  for  the  IGFBP-3/IGFBP-3  receptor-mediated  cell 
cycle  arrest  and  induction  of  apoptosis. 

•  Characterization  of  IGFBP-3  proteolytic  fragments  on  ligand  binding,  cell  surface  association 
and  IGF-I  receptor  signaling. 

IV.  REPORTABLE  OUTCOMES 

•  Vorwerk,  P,  et  al.,  1997.  J.  Clinic.  Endocrinol.  Metab.,  82:2368-2370. 

•  U.S.  Patent  Application  OHSU  Serial  #  490  (2000)  Induction  of  Apoptosis  and  Cell 
Growth  Inhibition  by  Protein  4-33. 

•  Oh,  Y.  1998.  Breast  Cancer  Research  and  Treatment,  47:283-293. 

•  Vorwerk,  P,  etal,  1998.  J.  Clinic.  Endocrinol.  Metab.,  83:1392-1395. 

•  Yamanaka,  Y,  et  ah,  1999.  Endocrinology,  140:1319-1328. 

•  Devi,  GR,  et  al.,  2000.  Endocrinology,  2000, 141:4171-4180. 

•  How,  HK,  et  al.,  200 1 .  Cancer  Research,  in  submission. 

•  Kim,  H-S,  et  al.,  2001.  J.  Biol.  Chem,  in  preparation. 

•  Ingermann,  AR  and  Oh,  Y.  2001.  Nature,  Medicine,  in  preparation. 

•  Ingermann,  AR  and  Oh,  Y.  2000.  4"’  International  Workhsop  on  IGF  Binding  Proteins, 
Sydney,  Australia. 

•  Kim,  H-S  and  Oh,  Y.  2000.  4*'’  International  Workhsop  on  IGF  Binding  Proteins,  Sydney, 
Australia. 
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V.  CONCLUSIONS 


A 


We  have  suecessfully  executed  our  third  year  tasks  (DAMD 17-97- 1-7204)  outlined  in  the 
Statement  of  Work.  As  mentioned  in  previous  statements,  we  had  difficulites  to  employ 
expression  cloning  techniques  for  identification  of  an  IGFBP-3  receptor  due  to  the  nature  of  the 
IGFBP-3  protein,  specifically  its  ability  to  bind  proteins  in  a  non-specific  manner  under  these 
experimental  conditions.  As  an  alternative  approach,  yeast  two-hybrid  screening  was  employed 
to  identify  IGFBP-3  interacting  proteins.  Nevertheless,  we  have  successfully  screened  the 
IGFBP-3  interacting  proteins  including  putative  IGFBP-3  receptor  in  human  breast  cancer  cells 
by  employing  the  yeast  two-hybrid  system.  Two  cDNA  clones  matched  sequences  in  the 
GenBank  database:  (1)  Eps8  -  epidermal  growth  factor  receptor  kinase  substrate,  and  (2)  GRP78 
/  BiP  -  glucose  regulated  stress  protein,  or  human  immunoglobulin  heavy  chain  binding  protein. 
The  third  cDNA,  designated  clone  4-33,  was  not  identified  in  the  database  and  represents  a  novel 
gene  /  protein.  Further  investigation  has  proved  that  4-33  protein  is  a  functional  IGFBP-3 
receptor.  Firstly,  we  characterized  binding  specificity  of  the  IGFBP-3  receptor  to  IGFBP-3;  Only 
IGFBP-3  and  its  fragment  (aa88-148)  bind  the  IGFBP-3  receptor  with  high  affinity,  whereas 
IGFBPs,  -2,  4-,  -5  and  — 6  did  not  interact  with  the  IGFBP-3  receptor,  demonstrating  specificity 
of  the  IGFBP-3  receptor.  We  have  also  identified  the  IGFBP-3/IGFBP-3  receptor-mediated 
signal  transduction  pathway  in  human  breast  cancer  cells.  Further  studies  demonstrated  that  the 
IGFBP-3/IGFBP-3  receptor  axis  causes  cell  cycle  arrest  in  G1  phase  and  induces  apoptosis.  The 
underlying  mechanisms  are  ablation  of  MAPK  signaling  cascades  and  increase  of  caspase 
activity,  respectively.  As  characterization  of  the  stmcture-functional  analysis  of  IGFBP-3  and 
the  IGFBP-3  receptor,  we  demonstrated  that  these  N-terminal  fragments  can  bind  specifically  to 
insulin,  and  inhibit  insulin  receptor  autophosphorylation.  As  further  investigation,  we  identified 
differential  effects  of  IGFBP-3  and  those  IGFBP-3  proteolytic  fragments  on  ligand  binding,  cell 
surface  association  and  IGF-I  receptor  signaling.  Taken  together,  our  findings  under  this  grant 
support  will  provide  pivotal  evidence  for  clinical  significance  and  potential  application  of  the 
IGFBP-3/IGFBP-3  receptor  axis  in  the  prevention  and/or  treatment  of  human  neoplasia,  in 
particular,  breast  cancer. 
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surface,  and  potentiated  lGFBP-3-induced  suppression  of  proliferation.  We  further  demonstrate  that  this  growth  inhibition  is  due  to 
disruption  of  the  cell  cycle,  as  evidenced  by  significant  and  specific  reductions  In  the  levels  of  Cyclln  D1  and  Retinoblastoma  proteins, 
and  Induction  of  apoptosis  via  activation  of  caspases  in  human  breast  cancer  cells. 

Together,  these  data  demonstrate  a  physical  and  functional  Interaction  of  the  IGFBP-3R  with  IGFBP-3  in  human  breast  cancer 
cells,  and  that  this  interaction  may  play  a  significant  role  in  characterized  IGFBP-3  cell  growth  inhibitory  functions. 


Insulin-like  growth  factor  binding  protein-3  (IGFBP-3),  one  of  six  high  affinity  IGF  binding  proteins  and  the  most  abundanl  in  serum,  circulates 
as  a  150  kDa  ternary  complex  with  an  acid- labile  subunit  and  IGF  peptide  (1-3).  Classically,  the  principal  function  of  JGFBP-3  has  been  to 
transport  IGFs,  protecting  them  from  rapid  clearance  and/or  degradation,  and  modulating  IGF  bioavailability  to  cell-surface  IGF  receptors  (4- 
6).  The  importance  of  the  IGF  system  in  cancer  has  been  addressed  in  large  prospective  studies  which  demonstrated  a  strong  coirelabon 
between  high  IGF-I/Iow  IGFBP-3  levels  in  circulation  and  increased  risk  of  breast  and  prostate  cancer,  suggesting  a  potenlialfyiprotectiverok 
for  IGFBP-3  in  the  development  of  cancer  (7, 8). 

Recently,  more  detailed  investigations  of  IGFBP-3  have  revealed  an  important  function  in  regulating  the  growth  of  human  cancrer 
cells,  independent  of  its  role  as  a  modulator  of  IGF-I  bioactivity.  A  variety  of  factors  that  suppress  the  growth  of  breast  or  prostate  cancer  celK 
such  as  antiestrogens  (tamoxifen  and  ICI 1 82,  780),  TGF-p ,  retinoic  acid,  TNF-a  and  vitamin-D  analogs  apparently  mediate  their  antiproliferative 
effects  through  IGFBP-3,  suggesting  the  existence  of  a  novel  endocrine  system  in  human  cancer  (9-13).  In  addition,  the  tumor  suppressor  p53 
induces  IGFBP-3  expression,  indicating  that  IGFBP-3  may  be  a  mediator  in  p53  signaling.  More  evidently,  treatment  of  breast  and  prostate 
cancer  cells  with  IGFBP-3  resulted  in  inhibition  of  cell  proliferation  and  induction  of  apoptosis  (14, 15).  Together,  these  data  point  to  IGFBP- 
3  as  a  growth-suppressing  factor  in  breast  and  prostate  cancer;  however,  the  specific  biochemical/molecular  mechanisms  involved  in  IGFBP- 
3  action  are  yet  to  be  elucidated. 

Furthering  this  concept,  our  laboratory  has  previously  demonstrated  that  IGFBP-3  is  capable  of  specific  binding  to  the  cell  surface 
and  acting  as  a  growth  inhibitor  for  estrogen-nonresponsive  human  breast  cancer  cells  (16).  The  kinetics  of  specific  binding  of  lGFBP-3  to  the 
cell  surface  were  consistent  with  receptor-ligand  interactions  (17).  Further,  our  data  indicated  that  the  interaction  of  IGFBP-3  with  the  breast 
cancer  cell  surface  and  its  subsequent  biological  effects  are  mediated  through  the  IGFBP-3  specific  cell  surface  association  protein.  This 
suggested  the  existence  of  an  IGFBP-3-specific  receptor  participating  in  the  direct  inhibitory  effect  of  IGFBP-3  on  breast  cancer  cell  growth 
(10,  18).  We,  therefore,  sought  to  identify  the  putative  lGFBP-3  receptor  using  the  human  breast  cancer  system.  The  results  presented  here 
describe  the  cloning  and  characterization  of  a  novel  cDNA  encoding  a  protein,  designated  IGFBP-3 R,  that  is  expressed  on  the  cell  surface, 
interacts  specifically  with  IGFBP-3,  and  plays  an  important  role  in  the  growth-inhibitory  actions  of  IGFBP-3  on  human  breast  cancer  cells. 


Materials  and  Methods 

Yeast  TwO'Hybrid  Screen.  An  Hs578T  cDNA  library  in  pGAD  1 0  was  generated  using  the  Two-Hybrid  cDNA  Library  Construction  Kit  (Clontech). 
The  bait  plasmid  was  constructed  by  amplifying  an  internal  sequence  of  the  IGFBP-S  cDNA  (encoding  amino  acids  88-148)  by  PCR,  then 
cloning  this  fragment  into  the  pBTMl  16  vector,  in  frame  with  the  LexA  DNA  binding  domain  coding  sequence.  The  bait  plasmid  vas  then 
transformed  into  yeast  strain  L40,  and  an  isolated  transformant  colony  was  then  transformatied  with  the  pGAD  1 0:Hs578T  cDNA  libiary.  663 
transformant  colonies  were  tested  for  §-galactosidase  activity.  Plasmid  DNA  from  three  strongly  positive  clones  was  isolated  and  transformed 
into  £.  coll  strain  TGI.  The  full  length  cDNA  sequence  was  confirmed  using  the  5  RACE  system  (Life  Technologies). 

Plasmids,  Recomdinant  Proteins  and  Antibodies.  pEGFP::IGFBP-3R  was  generated  by  subcloning  an  Xhol-Hindlll  fragment  of  the  full  length 
IGFBP-3R  cDNA  into  pEGFP-N3  (Clontech)  in  frame  with  EGFR  CS/IGFBP-3R''  was  generated  by  first  adding  the  FLAG  peptide  (DYKDDDK) 
coding  sequence  to  the  3  end  of  the  full  length  IGFBP-3R  cDNA  just  5  to  the  stop  codon  using  synthetic  linkers,  then  subcloning  the  product 
into  the  EcoRl  and  Xhol  sites  of  the  CS2-i'  mammalian  expression  vector.  GST::IGFBP-3R  protein  was  generated  by  subcloning  the  full  length 
IGFBP-3R  cDNA  into  the  Sail  site  of  the  pGEX-4T-l  vector  (Amersham  Pharmacia).  This  construct  was  then  digested  with  EcoRI  and  Sfil  to 
remove  a  possible  signal  peptide  sequence,  the  ends  were  filled  and  religated,  and  plasmid  was  transformed  into  £.  coli  strain  BL21(DE3)pLysS 
for  pr  otein  purification.  FL AG-tagged  IGFBP-3R  protein  (IGFBP-3R'')  was  generated  by  subcloning  the  full  length  IGFBP-3R''  cDNA 
fragment  from  CS/IGFBP-3R''  into  the  EcoRI  and  Xhol  sites  of  pFastBacI.  Protein  was  then  overespressed  using  the  Baculovirus  expression 
system  (Life  Technologies)  according  to  the  manufacturer  s  protocol.  Anti-FLAG  M2  monoclonal  antibody  was  from  Sigma.  Anti-cyclin  D1 
monoclonal  antibody  was  from  NeoMarkers/Lab  Vision.  Anti-Rb  antibody  was  from  BD-PharMingen.  HRP-conjugated  secondary  antibodies 
were  from  Amersham  Pharmacia.  Goat  anti-mouse  IgGi  and  goat  anti-mouse  lgG2a  fluorescently-conjugated  secondary  antibodies  were  from 
Southern  Biotechnology  Associates.  Goat  anti-mouse  IgG  and  goat  anti-rabbit  IgG  fluorescently  conjugated  secondary  antibodies  were  from 
Molecular  Probes. 

Cell  Culture  and  Transfection.  All  cell  lines,  except  the  MCF-7:IGFBP-3  stable  lines,  were  purchased  from  American  Type  Culture  Coiketion. 
All  were  cultured  in  Dulbecco  s  Modified  Eagle  s  Medium/high  glucose  with  10%  fetal  bovine  serum.  MCF-7:IGFBP-3  stable  lines  were 
generated  and  maintained  as  described  in  (Kim  et  al,  manuscript  attached).  Expression  of  IGFBP-3  was  induced  with  ponasterone  A  (Inviirogen). 
Transfection  experiments  were  done  using  either  FuGene  6  (Roche  Biochemical)  or  TransIT-LT  1  (Minis)  transfection  reagent  according  to  the 
manufacturer  s  recommendations.  Cell  lysates  were  harvested  by  washing  monolayer  cultures  in  ice-cold  PBS,  then  lysing  in  Triton  lysis 
buffer  (20  mM  Tris,  pH  7.6, 1 50  mM  NaCl,  1%  Triton  X-1 00).  Plates  were  rocked  at  4°C  for  1 5  minutes,  and  lysates  collected  and  centrifuged 
to  clear  cellular  debris. 

Immunoprecipitations  and  Western  Blotting.  For  immu noprecipitations,  cleared  cell  lysates  were  diluted  in  20  mM  Tris,  pH  7.6,  150  mM  NaCl 
and  adjusted  to  a  final  concentration  of  0.5%  Triton  X-1 00  (IP  buffer).  Antibodies  were  added  (1-2  pi)  followed  by  the  addition  of  Protein  A 
Fast  Flow  sepharose  (Amersham  Pharmacia)  or  Anti-mouse  IgG  agarose  (Sigma).  Reactions  were  incubated  at  4°C  for  4  hours  —  overnight, 
then  beads  were  washed  in  2  X  I  mL  IP  buffer,  suspended  in  IX  reducing  sample  buffer,  and  immunoblotted.  Signal  was  detected  using 
Renaissance  Western  Blot  Chemiluminescence  reagents  (NEN). 

Northern  Blotting.  The  Human  Multi-Tissue  Northern  Blots  I  &  II  were  purchased  from  Clontech.  Total  RNAs  from  monolayer  cultures  of 
human  mammaiy  cells  were  harvested  using  the  RNeasy  RNA  isolation  kit  (Qiagen).  5  pg  of  total  RNA  from  each  cell  line  were  run  on  1% 
formaldehyde  gels  and  transferred  onto  GeneScreen  Plus  nylon  membranes  (NEN).  ^'P-labelled  cDNA  probes  were  prepared  using  the  Prime 
IT  II  kit  (Stratagene).  Membranes  were  hybridized  in  Rapid-Hyb  buffer  (Amersham  Pharmacia),  washed  in  0.3X  SSC,  and  exposed. 

Ceil  Monolayer  Binding  Assay.  Cells  were  seeded  into  24-well  plates  and  grown  to  60-70%  confluency,  then  transfected  according  to  manufac¬ 
turer  instructions  in  serum-containing  medium  for  36  hours.  Sf9  cells  were  seeded  into  24-welI  plates  and  infected  with  virus  harboring  the 
IGFBP-3 R’'  cDNA  for  48  hours.  Cells  were  washed  with  cold  PBS,  then  incubated  for  3  hours  at  12°C  in  binding  buffer  ( IX  Hank  s  buffered 

salt  solution,  1  mM  CaCl ,  1  mM  MgCl ,  0.5%  BSA)  containing  •‘-I-IGFBP-3  (Diagnostic  Systems  Laboratories)  at  50,000  cpm  per  well  in 
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triplicate,  with  or  without  unlabelled  IGFBP-3  or  other  competitors  as  indicated  in  the  text.  The  binding  solution  was  then  aspirated  and  the 
cells  washed  in  cold  binding  buffer  (without  BSA),  lysed  in  0.25  N  NaOH,  and  the  radiolabelled  IGFBP-3  detected  in  a  Wallac  gamma  counter. 


Immunocytochemistry.  Cells  were  seeded  in  8-chamber  culture  slides  (Nunc)  and  transfected  at  70-80%  confluency.  After  48  hours,  cells  were 
washed  with  PBS,  and  fixed  in  4%  paraformaldehyde.  Slides  were  then  incubated  in  blocking  solution  (5%  normal  goat  serum  in  PBS  +  0.1% 
Triton  X-100)  for  1  hour  at  room  temperature,  then  in  primary  antibody  diluted  in  blocking  solution  for  1-2  hours  at  room  temperatuie  or  4°C 
overnight.  Cells  were  washed  with  PBS  and  incubated  in  fluorescent ly-conjugated  secondary  antibody  +  Hoechst  stain  diluted  in  blocking 
solution  for  1  hour  at  room  temperature  in  the  dark.  Cells  were  washed  in  PBS,  covered  with  50%  glycerol  and  coverslipped.  For  suspended 
cell  analysis,  cells  were  trypsinized,  washed  in  PBS,  blocked  and  stained  as  above  (without  Hoechst  stain)  in  a  microfuge  tube  with  gentle 
agitation.  Following  the  final  washes,  cells  were  stained  with  PI  staining  solution  and  dispensed  into  chamber  slides  for  visualization. 


Call  Proliferation  Assays.  For  'H-thymidine  incorporation  experiments,  cells  were  seeded  in  triplicate  into  24-well  plates,  grown  to 60-70% 
confluency,  and  transfected  and  treated  as  indicated  in  the  text.  At  48  hours  post-transfection,  media  was  replaced  with  serum-free  medium  for 
24  hours,  then  0.1  pCi  'H-thymidine  (NEN)  was  added,  and  the  acid-precipitable  radioactivity  in  each  well  was  assayed  24  hours  later.  MTS 
cell  proliferation  assays  were  performed  in  96-well  microtiter  plates  at  48  hours  post-transfection  using  the  CellTiter96  AQueous  One  Solution 
Cells  Proliferation  Assay  kit  (Promega)  according  to  thr  manufacturer  s  instructions. 

Ceil  Cycle  and  Apoptosis  Assays.  All  assays  analyzed  by  flow  cytometry  were  done  on  a  Becton-Dickinson  FACSCalibur  flow  cytometer.  For 
cell  cycle  analysis,  cells  were  seeded  into  6-well  plates  and  transfected  at  70-80%  confluency.  At  the  time  of  the  assay,  cells  were  trypsinized 
and  resuspended  in  PI  staining  solution  (IX  PBS,  100  U/mL  RNase,  50  pg/mL  propidium  iodide)  and  incubated  at  RT  in  the  dark,  for  30 
minutes  before  analysis.  For  detection  of  early  apoptotic  cells,  trypsinized  cell  suspensions  were  subjected  to  a  FlTC-labelled  Aanexin  V 
binding  assay  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA)  according  to  the  manufacturer  s  directions.  For  assay  of  caspase  activity,  cells 
were  seeded  in  96-weIl  plates  and  transfected  at  70-80%  confluency.  After  48  hours,  cells  were  lysed  in  30  jil  per  well  of  ice-cold  lysis  buffer 
(50  mM  HEPES,  pH  7.4,  0. 1  %  CHAPS,  0. 1  %  Triton  X- 1 00, 1  mM  DTT,  0. 1  mM  EDTA),  of  which  20  pi  were  assayed  using  a  combination  of 
two  fluorogenic  peptide  substrates,  DEVD-AMC  and  LEHD-AMC  (Biomol),  at  40  pM  each  according  to  the  manufacturer  s  directions. 
Serial  dilutions  of  free  7-amino-4-methylcoumarin  (AMC,  Sigma)  were  included  as  a  reference  standard  curve.  Reaction  kinetics  were 
monitored  for  up  to  16  hours  at  37°C  in  a  Bio-Rad  Fluoromark  microplate  fluorometer,  with  plate  readings  taken  every  10  minutes.  Data  were 
analyzed  from  the  linear  portion  of  the  reactions  using  Microplate  Manager  software  (Bio-Rad),  and  final  results  were  adjusted  for  protein 
content. 

Results  and  Discussion 

We  used  the  yeast  two-hybrid  system  to  identify  proteins  that  interact  with  IGFBP-3.  Since  our  previous  studies  identified  that  a  region  in  the 
internal  portion  (amino  acids  88-148)  of  the  IGFBP-3  protein  is  responsible  for  cell  surface  binding  (17),  this  region  was  used  as  bait  in  a  yeast 
two-hybrid  screen  against  an  Hs578T  human  breast  cancer  cell  cDNA  library.  The  screen  yielded  three  independent  positive  clones,  two  of 
which  matched  sequences  in  the  GenBank  database;  (1)  Eps8,  epidermal  growth  factor  receptor  kinase  substrate,  and  (2)  GRP78/BiP,  glucose 
regulated  stress  protein,  or  human  immunoglobulin  heavy  chain  binding  protein.  The  third  cDNA,  later  designated  IGFBP-3R,  was  not 
identified  in  the  database  and  represents  a  novel  gene  encoding  a  predicted  protein  of  240  amino  acids.  5  RACE  was  used  to  confirm  the  5 
end  of  the  cDNA,  and  showed  that  the  original  cDNA  isolated  from  the  two-hybrid  screen  was  in  fact  full  length.  The  protein  sequence 
contains  potential  N-glycosylation  sites,  a  single  leucine-zipper  motif  which  overlaps  a  putative  transmembrane  domain  near  the  C-terminus, 
and  a  cAMP-dependent  phosphorylation  site  just  C-terminal  to  the  putative  transmembrane  sequence. 

To  assay  for  IGFBP-3/IGFBP-3R  interaction  in  a  mammalian  system,  we  overexpressed  both  proteins  and  performed  co- 
immunoprecipitation  and  western  ligand  blot  assays.  For  immunoprecipitations,  FLAG-tagged  IGFBP-3  (IGFBP-3'')  and  IGFBP-3R  fused  to 
EGFP  (EGFP::IGFBP-3R)  were  overexpressed  in  COS-7  cells.  The  EGFP::IGFBP-3R  fusion  protein  displayed  a  perinuclear  and  c>loplasmic 
subcellular  localization,  as  compared  to  nuclear  and  cytoplasmic  distribution  of  unfused  EGFP.  Additionally,  when  co-transfected  cells  were 
immunostained  with  the  M2  antibody  against  the  FLAG  sequence,  the  EGFP::IGFBP-3R  and  IGFBP-3^  appeared  to  colocalize  in  the  cytoplasm 


(data  not  shown).  Figure  lA  shows  representative  results  of  reciprocal  co-immunoprecipitation  assays  using  lysates  from  these  tnnsfected 
cells.  The  interaction  of  IGFBP-3^  and  EGFP::IGFBP-3R  was  evident,  and  could  be  demonstrated  whether  anti*EGFP  or  anti-FLAG  M2 
antibody  was  used  for  immunoprecipitation.  IGFBP-3^  did  not  interact  with  unflised  EGFP.  For  the  western  ligand  blot  assay,  radiolabelled 
IGFBP-3  was  used  to  detect  binding  with  FLAG-tagged  IGFBP-3R  (IGFBP-3R0  that  had  been  immunoprecipitated  from  cell  lysates  with 
anti-FLAG  M2  agarose  beads,  eluted  with  excess  FLAG  peptide,  and  western  blotted.  An  anti-FLAG  M2  immunoblot  revealed  the  IGFBP- 
3R’'  as  a  doublet  of  roughly  32  and  34  kilodaltons  (Figure  IB).  The  membrane  was  then  stripped  and  incubated  with  the  ‘'T-labelled  IGFBP- 
3,  which  bound  to  both  species.  These  results  demonstrate  the  interaction  of  IGFBP-3  and  IGFBP-3R  in  a  mammalian  system. 

Northern  analysis  of  clone  IGFBP-3R  mRNA  e.xpression  indicated  a  wide  distribution  in  human  tissues  and  cell  lines.  The  0.9  kb 
mRNA  was  detected  to  varying  degrees  in  all  cell  lines  and  tissues  tested  (Figure  2  A  and  data  not  shown).  A  second  roughly  2  kb  transcript  was 
detected  in  testis,  the  significance  of  which,  if  any,  is  not  known. 

To  examine  the  endogenous  protein,  we  generated  a  rabbit  polyclonal  antibody  against  GST-fused  IGFBP-3R  purified  from  E.  coli. 
The  antibody  was  robust  for  western  immunoblot  and  immunocytochemistry,  as  shown  in  Figure  2,  and  also  for  immunoprecipitation  (data  not 
shown).  The  IGFBP-3R  antibody  recognized  the  55  kDa  GST::IGFBP-3R  fusion  protein,  and  a  species  of  roughly  32  kDa  from  immunoblotted 
Hs578T  human  breast  cancer  cell  lysates  (Figure  2B).  A  species  of  this  size  was  detected  in  lysates  from  all  other  cell  lines  tested.  No  signal 
was  detected  from  corresponding  conditioned  media,  and  cross-reactivity  with  purified  GST  was  low.  In  immunocytochemistry  experiments, 
the  IGFBP-3R  antibody  recognized  overexpressed  FLAG-tagged  IGFBP-3R  in  a  pattern  identical  to  that  detected  with  the  anti-FLAG  M2 
antibody  (Figure  2C).  Surrounding  untransfected  cells  also  displayed  an  identical,  though  less  intense,  staining  pattern  with  the  IGFBP-3R 
antibody,  the  same  perinuclear/cytoplasmic  subcellular  localization  pattern  as  was  seen  for  the  EGFP::IGFBP-3R  fusion  protein. 

As  IGFBP-3  has  been  previously  demonstrated  to  specifically  bind  to  the  surface  of  breast  cancer  cells  and  subsequently  exhibit 
growth-suppressing  activity,  we  next  determined  whether  1GFBP-3R  might  participate  in  this  process.  We  first  examined  whether  IGFBP-3R 
localizes  to  the  cell  surface  by  immunostaining  cells  in  suspension.  Transfected  IGFBP-3R^  detected  with  the  anti-FLAG  M2  antibody  and 
endogeous  IGFBP-3R  detected  with  our  polyclonal  antibody  both  displayed  a  characteristic  ring  pattern  around  the  surface  of  the  suspended 
cells  (Figure  3A),  indicating  cell  surface  localization.  To  examine  the  possibility  that  an  IGFBP-3/TGFBP-3R  interaction  of  occurs  on  the  cell 
surface  we  used  a  monolayer  affinity  binding  assay  with  '-^l-labelled  IGFBP-3.  Overexpression  of  IGFBP-3R  resulted  in  a  20-60%  increase 
in  IGFBP-3  binding  to  Hs578T  and  MCF-7  breast  cancer  cell  monolayers  relative  to  cells  expressing  endogenous  levels  of  1GFBP-3R  (Figure 
3B,  p<0. 1 ).  The  presence  of  the  FLAG-tag  at  the  C-terminus  of  the  IGFBP-3R  protein  had  no  effect  (data  not  shown).  This  results  was  greatly 
magnified  to  a  3.4-fold  increase  (p<0.05)  in  IGFBP-3  cell  surface  binding  when  the  same  assay  was  done  using  Sf9  insect  cells  infected  with 
Baculovinis  harboring  the  IGFBP-3R''  cDNA,  as  nearly  100%  of  these  cells  overexpress  IGFBP-3R''  compared  to  a  20-30%  transfection  rate 
in  the  breast  cancer  cells.  Binding  was  competed  in  a  dose-dependent  manner  with  the  addition  of  unlabelled  IGFBP-3  or  IGF  peptides  but  not 
by  IGF  binding  proteins  -2,  -4,  -5  or  — 6  (data  not  shown),  demonstrating  IGFBP-3 R  specificity  for  binding  IGFBP-3  and  indicating  that 
binding  of  IGFBP-3  to  IGFs  and  to  IGFBP-3R  are  mutually  exclusive.  Furthermore,  addition  of  IGFBP-3  fragments  comprising  amino  acids 
88-148,  and  98-264  competed  for  cell  surface  binding  of  full-length  IGFBP-3  to  overexpressed  IGFBP-3R,  whereas  a  fragment  comprising  the 
N-terminal  amino  acids  1-97  had  no  effect  (data  not  shown).  This  result  is  consistent  with  our  previous  report  which  identified  the  region  of 
IGFBP-3  between  amino  acids  88-148  as  being  rCsSponsible  for  cell  surface  binding,  and  with  the  fact  that  the  1GFBP-3R  cDNA  was  isolated 
based  on  interaction  with  this  region  of  lGFBP-3. 

The  classical  and  well  established  role  for  endocrine  IGFBP-3  is  as  a  modulator  of  IGF  bioavailability.  In  general,  the  binding 
affinity  of  IGFBP-3  for  IGF  peptides  is  higher  than  that  of  IGF  receptors,  implying  that  IGFBP-3  can  modulate  IGF  binding  to  its  receptor, 
thereby  regulating  IGF  biological  actions  in  the  cellular  environment.  Expression  of  IGFBP-3  in  mammary  cells  is  hormonally  regulated; 


estrogen  inhibits  expression  and  secretion  of  IGFBP-3,  whereas  antiestrogens,  such  as  tamoxifen  and  ICI  182,780,  stimulate  production  of 
lGFBP-3  in  estrogen-responsive  human  breast  cancer  cells  (1,1 9-2 1 ).  Recent  studies  have  revealed  that  IGFBPs  may  have  specific  biological 
effects  in  various  cell  systems,  including  human  breast  cancer  cells,  which  are  not  mediated  through  interaction  with  IGF  peptides  (IGF- 
independent  actions,  10,  22, 23).  In  further  support  of  this  concept,  other  investigators  have  recently  reported  interaction  of  IGFBP-3  with  the 
retinoid  X  receptor  (24),  and  translocation  of  IGFBP-3  to  the  nucleus  via  interaction  with  importin-§  (25  ).  These  data  suggest  the  specific  role 
of  IGFBP-3  in  cell  replication  with  potentially  diverse  mechanisms. 

We  and  others  have  reported  that  the  expression  and  production  of  IGFBP-3  is  specifically  stimulated  by  TGF-p  and  RAin  human 
breast  cancer  cells,  and  postulated  a  role  for  IGFBP-3  in  TGF-p-  and  RA-induced  growth  inhibition  in  human  breast  cancer  cells  (16, 26,  27). 
Use  of  IGFBP-3 -specific  antisense  oligodeoxynucleotides  has  shown  that  the  anti-proliferative  effects  of  TGF-p,  RA,  TNF-a  and  vitamin-D 
analogs  in  human  breast  cancer  cells  are  mediated,  at  least  in  part,  through  the  IGFBP-3  axis  (10-12,  16),  Other  studies  have  confirmed  that 
lGFBP-3  functions  as  a  major  growth-suppressing  factor  in  various  cell  systems,  each  of  which  may  involve  the  IGFBP-3R:  1)  the  growth  rate 
is  significantly  reduced  in  IGFBP-3-transfected  fibroblasts  with  a  targeted  disruption  of  the  IGF-I  receptor  gene  (13);  2)  purified  mouse 
IGFBP-3  binds  to  the  chick  embryo  fibroblast  cell  surface  and  inhibits  cell  growth  (28);  3)  up-regulation  of  IGFBP-3  expression  is  correlated 
with  RA-induced  cell  growth  inhibition  in  cervical  epithelial  cells  (29);  4)  the  tumor  suppressor  p53  induces  IGFBP-3  expression,  indicating 
that  IGFBP-3  may  be  a  mediator  inp53  signaling  (30);  5)  exogenously  added  IGFBP-3  inhibits  estrogen-stimulated  breast  cancer  cell  proliferation 
(14);  6)  IGFBP-3  transient  transfection  results  in  significant  inhibition  of  colon  and  lung  cancer  cell  replication  (31,  32)  and  7)  IGFBP-3 
induces  apoptosis  in  prostate  cancer  cells  (33).  These  numerous  reports  build  a  solid  foundation  for  IGFBP-3  function  in  inhibition  of  cell 
growth  and  proliferation  in  an  IGF-independent  manner. 

We  investigated  the  role  of  IGFBP-3R  in  IGFBP-3 -mediated  growth  inhibtion  by  overexpressing  the  IGFBP-3R  and  assaying  for 
cell  proliferation  in  Hs578T  and  MCF-7  cells.  Both  of  these  cell  lines  produce  endogenous  levels  of  the  IGFBP-3R,  but  only  Hs578T  cells 
produce  IGFBP-3.  In  these  experiments,  the  proliferation  of  the  Hs578T  population  was  significantly  reduced  after  48  hours  of  transfection  to 
78%  of  control  levels  (p<0.05),  while  the  MCF-7  cells  were  unaffected  (data  not  shown).  To  investigate  this  further  we  utilized  an  inducible 
stably-transfected  subline  of  MCF-7  cells,  MCF-7:IGFBP-3  #3  (Kim  et  al.)  in  comparative  experiments  with  wild-type  MCF-7  cells.  The 
MCF-7:lGFBP-3  #3  cells  express  IGFBP-3  when  cultured  with  an  inducer  compound,  ponasterone  A.  Induction  of  IGFBP-3  expression  in 
these  cells  resulted  in  an  inhibition  of  ^H-thymidine  incorporation  to  65%  of  control  levels  (p<0.05).  With  the  additional  overexpression  of 
IGFBP-3R,  however,  -H-thymidine  incorporation  was  further  reduced  to  45%  of  control  levels  (Figure  4,  p<0.05).  Overexpression  of  IGFBP- 
3R  had  no  significant  effect  on  ^H-thymidine  incorporation  in  the  absence  of  lGFBP-3  (either  wild  type  MCF-7  or  uninduced  MCF-7:IGFBP- 
3  #3  cells),  and  ponasterone  A  had  no  inhibitory  effect  in  wild  type  MCF-7  cells.  This  inhibitory  effect  on  cell  proliferation  was  not  seen  when 
IGFBP-3  binding  to  IGFBP-3R  was  disrupted  by  addition  of  Y60L-IGF-I,  an  IGF  analog  which  has  a  100-fold  reduced  affinity  for  IGF 
receptors  but  full  affinity  for  IGFBPs,  suggesting  once  again  that  IGF  and  IGFBP-3R  binding  to  IGFBP-3  are  mutually  exclusive  (data  not 
shown). 

To  explore  the  possible  mechanisms  involved  in  IGFBP-3/IGFBP-3R-induced  growth  inhibition,  we  first  examined  effects  on  specific 
proteins  known  to  be  involved  in  cell  cycle  progression.  Our  recent  data  concerning  IGFBP-3  biological  function  indicate  a  significant 
reduction  of  cyclin  D1  and  retinoblastoma  (Rb)  protein  levels  in  response  to  induced  expression  of  IGFBP-3  in  MCF-7;IGFBP-3  #3  stably- 
transfected  cells,  which  endogenously  express  IGFBP-3R  (Kim  et  al.).  For  this  study  we  used  Hs578T  and  MCF-7  cells,  and  an  IGFBP-3- 
constitutively  expressing  MCF-7  cell  subline  (MCF-7:IGFBP-3  #1,  Kim  et  al.  ),  treated  as  indicated  in  Figure  5  A.  Examination  of  cell  cycle 
proteins  cyclin  Dl,  cyclin  E,  and  p21/Wafl  revealed  a  specific  decrease  in  the  level  of  cyclin  Dl  in  IGFBP-3R-transfected  cells,  but  only  in  the 
presence  of  IGFBP-3.  No  effect  on  cyclin  D I  protein  was  seen  in  wild-type  MCF-7  cells,  which  do  not  produce  detectable  levels  of  IGFBP- 


3,  or  in  control  transfected  cells,  suggesting  that  both  IGFBP-3  and  IGFBP-3R  are  required.  Levels  of  cyclin  E  and  p2  l/Wafl  were  uaaffected 
by  these  treatments.  In  addition  to  Cyclin  Dl ,  we  further  identified  a  reduction  in  the  levels  of  retinoblastoma  (Rb)  protein  with  overexpression 
of  IGFBP-3R  in  the  presence  of  IGFBP-3,  similarly  seen  with  induced  expression  of  IGFBP-3  in  MCF-7:IGFBP-3  U3  cells  (Kim  et  al.). 
Strikingly,  immunocytochemistry  experiments  revealed  that  the  reduced  levels  of  both  of  these  proteins  appeared  to  be  specifically  correlated 
to  rGFBP-3R-overexpression  (Figure  5B).  When  cell  populations  were  dually  stained  for  IGFBP-3R  transfection  and  either  CyclinDl  or  Rb 
protein,  the  IGFBP-3R-positive  cells  showed  specific  reduction  in  staining  intensity  of  Cyclin  Dl  and  Rb  compared  to  surrounding  untransfected 
cells.  The  percentage  of  IGFBP-3R-positive  cells  with  reduced  Cyclin  Dl  (94%)  or  Rb  (83%)  levels  was  significantly  greater  tlian  in  the 
untransfected  population  in  both  cases  (38%  and  23%,  respectively).  These  results  indicate  that  disruption  of  the  cell  cycle  is  involved  in 
IGFBP-3/IGFBP-3R-induced  growth  inhibition,  and  that  this  disruption  is  p21AVafl  independent. 

In  addition  to  disruption  of  the  cell  cycle,  further  investigations  into  the  growth-inhibitory  actions  of  IGFBP-3R  and  IGFBP-3  were 
performed  using  flow  cytometry  analysis.  Transfected  MCF-7: IGFBP-3  #3  cells  were  analyzed  for  cell  cycle  profile  by  propidium  iodide 
DNA  staining  followed  by  flow  cytometry  detection.  In  the  presence  of  IGFBP-3,  the  IGFBP-3R-overexpressing  cells  displayed  a  2-fold 
increase  in  the  sub-Gl  population  and  a  concurrent  decrease  in  the  S/G2/M  population  compared  to  control-transfected  or  uninduced  cells 
(data  not  shown).  An  increase  in  the  sub-Gl  population  can  be  indicative  of  cells  undergoing  apoptosis,  so  we  investigated  this  further  using 
an  Annexin  V  binding  assay.  Transfected  Hs578T  and  MCF-7  cells  assayed  along  a  time  course  showed  a  significant  increase  in  the  population 
of  early  apoptotic  cells  in  Hs578T  cells  transfected  with  IGFBP-3R  compared  to  control-transfected  cells,  with  an  average  2.9-fold  increase 
over  48  hrs  (Figure  6A).  No  significant  increase  in  apoptosis  was  seen  in  MCF-7  cells. 

We  then  looked  further  into  mechanisms  by  which  the  IGFBP-3/IGFBP-3R  interaction  might  induce  apoptosis.  Investigations  of 
cells  overexpressing  IGFBP-3R  in  the  presence  of  IGFBP-3  revealed  that  induction  of  caspase  activity  may  be  at  least  partially  responsible  for 
the  promotion  of  apoptosis  in  these  cells  (Figure  6B),  Using  an  assay  which  detects  activity  from  a  wide  variety  of  caspases,  we  analyzed  cell 
lysates  from  control  and  IGFBP-3R  transiently  transfected  cells  that  were  incubated  with  caspase-specific  fluorogenic  peptide  substrates  and 
monitored  the  kinetics  of  substrate  cleavage  for  up  to  16  hours  at  37°C  in  a  microplate  fluorometer.  A  significant  increase  in  caspase  activity 
was  detected  in  the  IGFBP-3R-overexpressing  cell  lysates  (37.9  pmol/min/mg)  compared  to  controls  (23.0  pmol/min/mg),  an  increase  of 
165%  (p<0.05).  This  value  was  less  than  that  obtained  with  48  hours  of  treatment  with  the  positive  control  apoptosis  inducer  taxol  (81 .2  pmol/ 
min/mg),  and  this  may  be  due  to  a  transfection  efficiency  of 20-30%  with  vector  alone  or  IGFBP-3R  compared  to  exogenous  treatment  of  the 
cells  with  taxol. 

In  summary,  we  have  identified  a  novel  gene/protein,  designated  IGFBP-3R,  from  human  breast  cancer  cells.  This  is  the  first  report 
of  an  IGFBP-3  cellular  receptor  that  appears  to  interact  and  function  cooperatively  with  IGFBP-3  in  its  previously  known  and  characterized 
IGF-independent  functions.  The  IGFBP-3R  is  widely  expressed  is  tissues  and  cell  lines.  Subcellular  localization  is  perinuclear  and  cytoplasmic, 
with  protein  also  detectable  on  the  cell  surface.  Data  suggest  that  an  IGFBP-3/IGFBP-3R  interaction  occurs  on  the  cell  surface,  and  that  they 
synergistically  suppress  DNA  synthesis  and  cell  proliferation.  Subsequent  data  indicate  that  this  growth  inhibition  involves  disruption  of  the 
cell  cycle  and  promotion  of  apoptosis,  and  that  to  this  end  the  interaction  of  IGFBP-3  and  IGFBP-3R  may  be  involved  in  regulating  components 
of  cell  cycle  progession  and  apoptotic  pathways,  specifically  the  cellular  levels  of  cyclin  D 1  and  Rb  proteins,  and  activity  of  caspases,  respectively. 
These  data  support  the  hypothesis  that  IGFBP-3R  is  a  functional  receptor  for  IGFBP-3  in  the  breast  cancer  system,  and  that  the  interaction  of 
IGFBP-3  andIGFBP-3R  may  be  an  important  mechanism  in  the  IGF-independent,  growth-inhibitory  actions  of  IGFBP-3.  Further  characterization 
of  the  cellular  effects  of  the  IGFBP-3/IGFBP-3  receptor  axis  in  breast  cancer  cells,  and  the  biochemical/molecular  mechanisms  involved,  may 
yield  significant  insights  into  the  regulation  of  cell  proliferation  in  breast  cancer.  Elucidation  of  these  mechanisms  will  be  infonriative  and 
important  toward  the  understanding  of  cancer  cell  proliferation,  potentially  leading  to  avenues  of  cancer  treatment  and  tumor  growth  suppression. 
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Figure  1.  Interaction  of  IGFBP-3  with  IGFBP-3R.  A)  Coimmunoprecipitation  of  IGFBP-3‘' and  EGFP;:IGFBP-3R-  Cell  lysates  from  trans¬ 
fected  cells  were  incubated  with  either  anti-GFP  or  anti-FL  AG  antibody,  and  immunoprecipitated  proteins  were  detected  on  western  imnunoblots 
with  the  opposing  antibody.  B)  Western  ligand  blot  of  FLAG-tagged  IGFBP-3R.  Cell  lysates  from  cells  overexpressing  IGFBP-3R^  (lane  2) 
were  immunoprecipitated  with  aFLAG  M2  agarose  beads  (lane  3),  then  eluted  with  excess  FLAG  peptide  (lane  4).  Samples  vere  first 
immunoblotted  with  aFLAG  M2  antibody  (lane  1),  then  the  membrane  was  stripped  and  incubated  with  radiolabelled  IGFBP-3  (laces  2-4). 

Figure  2.  Expression  and  distribution  of  IGFBP-3R  mRNA  and  protein.  A)  Human  multiple  tissue  northern  blots  I  &  II  (Clontech),  and 
northern  blots  containing  total  RNAs  from  Hs578T  and  MCF-7  human  breast  cancer  cell  lines  and  human  mammary  epithelial  cells(HMEC) 
were  probed  with  ^’P-labelled  IGFBP-3R  cDNA.  B)  Duplicate  western  immunoblots  of  purified  unfused  GST  (lane  I ),  GST::IGFBP-3R  (lane 
2),  and  Hs578T  conditioned  medium  (lane  3)  and  cell  lysate  (lane  4)  using  preimmune  serum  and  aIGFBP-3R  polyclonal  antibody.  Cross- 
reactivity  of  the  IGFBP-3R  antibody  with  unfused  GST  was  low.  IGFBP-3R  protein  was  detected  only  in  cell  lysate.  C)  Detection  of 
transfected  IGFBP-3R''  (green)  and  endogenous  IGFBP-3 R  (red)  by  immunocytochemistry  using  aFLAG  M2  and  aIGFBP-3R  antibodies. 
IGFBP-3R  detected  with  the  IGFBP-3R  antibody  revealed  a  perinuclear  and  cytoplasmic  localization  pattern  in  all  cells,  identical  to  the 
pattern  seen  when  the  overexpressed  protein  is  detected  with  M2  as  shown  in  the  merged  image  (yellow).  Hoechst  stain  (blue)  was  used  as  a 
nuclear  stain. 

Figure  3.  Cell  surface  localization  of  IGFBP-3R  and  cell  surface  binding  of  IGFBP-3.  A)  Immunostaining  of  transiently  expressed  (aFLAG 
M2  antibody,  green)  or  endogenous  (aIGFBP-3R  antibody,  green)  IGFBP-3R  in  breast  cancer  cell  suspensions  displayed  a  ring  pattern 
indicating  cell  surface  localization.  B)  Monolayer  affinity  binding  data  showed  a  significant  increase  in  radiolabelled  IGFBP-3  ceil  surface 
binding  on  cells  overexpressing  1GFBP-3R  compared  to  control-transfected  cells.  The  increase  in  ‘“^I-IGFBP-3  cell  surface  binding  on  breast 
cancer  cell  monolayers  was  roughly  proportional  to  the  transfection  efficiency  of  20-30%,  whereas  in  Sf9  insect  cells,  several-fold  higher 
expression  relative  to  controls  yielded  even  more  significant  results.  *  =  p<0.1,  **  =  p<0.05. 

Figure  4.  Growth  inhibition  of  breast  cancer  cells  by  IGFBP-3/IGFBP-3R.  MCF-7:IGFBP-3  #3  and  control  MCF-7  cells  were  subjected  to  a 
^H-thymidine  incorporation  assay  with  control  or  IGFBP-3R  transfection.  No  effect  was  seen  in  the  absence  of  IGFBP-3  (control  MCF-7  and 
uninduced  MCF-7:IGFBP-3  cells).  Induction  of  IGFBP-3  expression  in  control  transfected  cells  resulted  in  inhibition  of  ^H-thymidine  incor¬ 
poration  to  65%  of  control  levels.  This  effect  was  significantly  potentiated  in  IGFBP-3 R-transfected  cells  where  -'H-thymidine  incorporation 
was  inhibited  further  to  45%.  *  =  p<0.05. 

Figure  5.  Specific  reduction  of  cyclin  D1  and  Rb  protein  levels  in  cells  overexpressing  IGFBP-3R  in  the  presence  of  IGFBP-3.  A)  Hs578T, 
MCF-7,  and  MCF-7:IGFBP-3  #1  (constitutively  expressing  lGFBP-3)  ceils  were  treated  as  indicated  for  24  hours  and  equal  amounts  of 
harvested  cell  lysates  were  assayed  by  western  immunoblot.  Overexpression  of  IGFBP-3R  in  the  presence  of  IGFBP-3  resulted  in  a  signifi¬ 
cant  reduction  in  the  levels  of  cyclin  Dl  and  Rb  proteins.  There  was  no  effect  on  cyclin  E  or  p2 1  AVafl .  B)  Both  of  these  effects  were  specific 
to  IGFBP-3R-transfected  cells  as  shown  by  dual  immunostaining  of  transfected  Hs578T  cells  with  IGFBP-3R  (green)  and  either  cyclin  Dl  or 
Rb  (red)  antibodies. 


Figure  6,  Induction  of  apoptosis  by  IGFBP-3/IGFBP-3R.  A)  Overexpression  of  IGFBP-3R  in  the  presence  of  IGFBP-3  resulted  in  a  significant 
increase  (average  of  3.0  fold  within  48  hours  of  transfection)  in  the  percentage  of  cells  in  the  early  stages  of  apoptosis,  as  measured  by  an 
annexin  V  binding  followed  by  flow  cytometric  analysis.  B)  Overexpression  of  IGFBP-3R  in  Hs578T  human  breast  cancer  cells  caused  a 
significant  increase  in  overall  caspase  activity  compared  to  control-transfected  cells,  measured  by  a  fluorogenic  caspase  activity  assay.  Activ¬ 
ity  was  increased  from  a  baseline  of  23.0  pmol/min/mg  in  control  cell  lysates  to  37.9  pmol/min/mg  in  IGFBP-3R-overexpressing  ceils.  *  = 
p<0.05. 
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SUMMARY 

The  insulin-like  growth  factor  binding  protein  (IGFBP)-3  has  been  recently  shown  to  potently  inhibit 
proliferation  of  various  cell  types  in  an  insulin-like  growth  factor  (IGF)-independent  manner.  The  goal  of  the 
present  study  was  to  demonstrate  a  novel,  IGF-independent  role  for  IGFBP-3:  cell  cycle  arrest  and  induction 
of  apoptosis  and  to  elucidate  their  possible  mechanisms  in  MCF-7  human  breast  cancer  cells.  MCF-7  cells, 
which  do  not  produce  IGF  peptides,  were  stably  transfected  with  an  IGFBP-3  cDNA  construct  using  the 
ecdysone-inducible  expression  system.  Induction  of  IGFBP-3  in  these  cells  resulted  in  a  dose-dependent 
inhibition  of  DNA  synthesis  as  assessed  by  [^H]-thymidine  incorporation  assays.  This  inhibitory  effect  was 
abolished  by  co-treatment  with  Y60L-IGF-I,  an  IGF  analog  which  has  significantly  reduced  affinity  for  the 
IGF  receptor,  but  which  retains  high  affinity  for  IGFBP-3,  demonstrating  specificity  and  IGF  independency.  In 
addition,  flow  cytometry  analysis  showed  that  induced  expression  of  IGFBP-3  led  to  an  arrest  of  the  cell 
cycle  in  G1-S  phase.  Induction  of  IGFBP-3  resulted  in  a  significant  decrease  in  the  mRNA  and  protein 
levels  of  cyclin  D1 ,  but  not  cyclin  E,  as  well  as  concomitant  decreases  in  the  levels  of  cyclin-dependent 
kinase  (cdk)4,  total  and  phosphorylated-retinoblastoma  protein  (Rb).  Moreover,  IGFBP-3  inhibited  oncogenic 
Ras-induced  phosphorylation  of  mitogen-activated  protein  kinases  (MAPKs),  suggesting  cross-talk  between 
the  IGFBP-3  signaling  and  MAPK  signal  transduction  pathways.  iGFBP-3-expressing  cells  also  displayed 
increased  Annexin  V  binding  compared  to  controls,  demonstrating  IGFBP-3-induced  apoptosis.  Additional 
studies  demonstrated  that  IGFBP-3  caused  an  increase  in  caspase  activities,  suggesting  a  potential 
mechanism  for  the  IGFBP-3-induced  apoptosis.  Taken  together,  the  present  study  shows  that  cellular 
production  of  IGFBP-3  leads  to  cell  cycle  arrest  and  Induction  of  apoptosis,  thereby  inhibiting  cell  proliferation 
in  MCF-7  human  breast  cancer  cells.  Our  data  suggest  that  IGFBP-3  functions  as  a  negative  regulator  of 
breast  cancer  cell  growth,  independent  of  the  IGF  axis. 


Key  Words 

IGFBP-3,  inducible  stable  cell  line,  cell  cycle  arrest,  apoptosis,  breast  cancer,  cyclin  D1,  retinoblastoma 
protein,  mitogen-activated  protein  kinase,  caspase 
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INTRODUCTION 

The  insulin-like  growth  factor  binding  proteins  (IGFBPs"')  are  components  of  the  insulin-like  growth 
factor  (IGF)  signaling  system,  and  the  IGFBP  superfamily  is  comprised  of  six  high-affinity  species  (IGFBPs 
1-6)  and  several  low-affinity  binders  (IGFBP-related  proteins  (IGFBP-rPs))  (1-5).  The  classical  role  of  the 
IGFBPs  involves  IGF  binding  and  modulation  of  IGF  signaling;  however,  recent  data  suggest  that  some 
IGFBPs  may  play  more  active,  IGF-independent  roles  in  growth  regulation  in  various  cell  systems  (6-1 9).  In 
particular,  IGFBP-3  has  been  shown  to  potently  inhibit  proliferation  of  various  cell  types  in  an  IGF-independent 
manner.  This  concept  of  IGF-independent  actions  of  IGFBP-3  is  supported  by  the  demonstration  that  (i) 
exogenous  IGFBP-3  binds  to  specific  proteins  on  the  cell  surface,  and  this  interaction  is  strongly  correlated 
with  the  ability  of  IGFBP-3  to  inhibit  cell  growth  (8,  9);  (ii)  overexpression  of  human  IGFBP-3  inhibits  cell 
proliferation  (10-12);  (iii)  IGFBP-3  mediates  transforming  growth  factor-p-  (13),  retinoic  acid-  (14),  antiestrogen- 
(15),  vitamin  D  analogs-  (16),  and  tumor  necrosis  factor-a-  (17)  induced  grovirth  inhibition;  (iv)  regulation  of 
IGFBP-3  gene  expression  plays  a  role  in  signaling  by  p53,  a  potent  tumor-suppressor  protein  (18);  and  (v) 
IGFBP-3  fragments  inhibit  the  stimulation  of  DNA  synthesis  induced  either  by  IGF-I  or  insulin  (1 9).  Recently, 
several  reports  have  demonstrated  that  IGFBP-3  induces  apoptosis  in  PC-3  prostate  cancer  (20)  and  MCF- 
7  breast  cancer  cells  (21),  and  increases  ceramide-induced  apoptosis  in  the  Hs578T  breast  cancer  cell  line 
(22).  However,  the  specific  mechanism  for  the  IGF-independent  action  of  IGFBP-3  has  yet  to  be  elucidated. 
Moreover,  the  use  of  IGFBP-3  purified  from  biological  fluids  and  recombinant  species  for  biological  studies 
is  problematic  due  to  concerns  about  the  purity,  bioactivity  and  post-translational  modification  of  IGFBP-3. 
In  this  study,  we  have  used  the  inducible  cellular  expression  of  IGFBP-3  to  determine  a  novel,  IGF-independent 
role  for  IGFBP-3;  cell  cycle  arrest  and  induction  of  apoptosis  in  MCF-7  human  breast  cancer  cells. 

We  hypothesized  that  IGFBP-3  inhibits  cell  growth  in  an  IGF-independent  manner  and  wished  to 
determine  whether  its  growth-inhibitory  effects  involve  regulation  of  the  cell  cycle  arrest  and/or  induction  of 
apoptosis.  To  address  these  questions,  we  generated  a  subline  of  MCF-7  cells  (which  do  not  produce  IGF 
peptides)  stably  transfected  with  an  inducible  IGFBP-3  cDNA  construct  using  the  ecdysone-inducible 
expression  system.  This  controlled  system  was  used  to  look  carefully  at  the  effects  of  induced  IGFBP-3 
expression  on  the  cell  cycle  and  apoptosis.  We  then  investigated  possible  mechanisms  of  growth  inhibition 
and  the  signal  transduction  pathways  involved  in  the  inhibitory  actions  of  IGFBP-3. 


3 


Kim  et.al.  IGFBP-3  arrests  cell  cycle  and  induces  apoptosis 

EXPERIMENTAL  PROCEDURES 

Materials 

Cells  were  purchased  from  the  American  Type  Culture  Collection  (Rockville,  MD).  Tissue  culture 
reagents  and  plastics  were  purchased  from  Mediatech  (Herndon,  VA),  Becton  Dickinson  (Franklin  Lakes, 
NJ)  and  Nunc  (Naperville,  IL).  Zeocin,  G418,  and  ponasterone  Awere  purchased  from  Invitrogen  (Carlsbad, 
CA).  Monoclonal  antibodies  against  cyclin  D1  were  purchased  from  NeoMarkers  (Fremont,  CA),  cyclin  D3 
from  Calbiochem  (Cambridge,  MA),  cyclins  A,  E  and  poly(ADP-ribose)  polymerase  (PARP)  from  Santa  Cruz 
Biotechnology  (Santa  Cruz,  CA),  cyclin-dependent  kinase  (cdk)4  from  Transduction  Laboratories  (Lexington, 
KY).  Polyclonal  antibodies  against  retinoblastoma  protein  (Rb),  phospho-Rb,  p44/42  mitogen-activated 
protein  kinase  (MAPK),  and  phospho-p44/42  MAPK  were  purchased  from  New  England  Biolabs/Cell  Signaling 
Technology  (Beverly,  MA).  Monoclonal  antibody  against  IGFBP-3  and  a  radioimmunoassay  kit  for  IGFBP-3 
were  generously  provided  by  Diagnostic  Systems  Laboratories  (Webster,  TX).  Recombinant  human  IGF-I 
analog,  Y60L-IGF-I  was  the  generous  gift  of  Protigen  Inc.  (Mountain  View,  CA).  Fluorescein  isothiocyanate 
(FITC)-conjugated  Annexin  V  was  purchased  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA).  DEVD-7- 
amino-4-methylcoumarine  (AMC)  and  LEHD-AMC  flourogenic  caspase  substrate  peptides  were  purchased 
from  Biomol  (Plymouth  Meeting,  PA).  The  ecdysone-inducible  expression  system  was  from  Invitrogen 
(Carlsbad,  CA).  Human  cyclin  D1  cDNAwas  purchasedfrom  the  American  Type  Culture  Collection  (Rockville, 
MD).  A  constitutively  active  Ras  (RasV12)  cDNA  expression  construct  was  the  kind  gift  of  Dr.  Philip  Stork, 
Vollum  Institute,  OHSU.  DNA  preparations  were  made  using  kits  from  Qiagen  (Chatsworth,  CA). 

Generation  of  an  MCF-7-derived  Inducible  IGFBP-3  Cell  Line 

A  cDNA  encoding  human  IGFBP-3  was  cloned  into  the  pIND  expression  vector.  This  construct  was 
cotransfected  with  pVgRXR  (encoding  a  hybrid  ecdysone  /  retinoid  X  receptor)  into  MCF-7  cells  using  FuGene 
6  transfection  reagent  (Roche,  Indianapolis,  IN).  Cells  were  split  48  h  later  to  low  density  into  selective 
medium  containing  G41 8  (800  pg/ml)  and  zeocin  (1 00  pg/ml).  After  1 4  days,  isolated  foci  of  doubly  resistant 
cells  were  subcultured  and  expanded.  To  test  for  inducible  expression  of  IGFBP-3,  each  clone  was  cultured 
in  the  presence  of  the  inducer  ponasterone  A  (2-15  pM).  Conditioned  media  were  collected  to  test  for 
ponasterone-inducible  expression  of  IGFBP-3  by  western  immunoblotting.  Hybrid  receptor  only-transfected 
cells  (MCF-7:EcR)  were  used  as  a  negative  control. 
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Cell  Culture 

All  cells  were  maintained  in  Dulbecco’s  modified  Eagle’s  medium  (DMEM)  supplemented  with  4.5  g/ 
liter  glucose,  1 1 0  mg/liter  sodium  pyruvate,  and  1 0%  fetal  bovine  serum  (FBS).  Stably  transfected  MCF-7;  EcR 
cells  were  maintained  in  selective  medium  containing  100  pg/ml  zeocin.  Stably  transfected  MCF-7:IGFBP-3 
cells  were  maintained  in  selective  medium  containing  800  pg/ml  G418  and  100  pg/ml  zeocin.  For  IGFBP-3 
induction,  cells  were  seeded  and  cultured  until  60-70%  confluent,  then  switched  to  serum-free  media  (SFM) 
with  or  without  15  pM  ponasterone  A  for  72  h,  unless  otherwise  indicated  in  the  text.  Conditioned  media 
were  collected  and  centrifuged  at  1000  X  g  for  10  min  to  remove  cell  debris.  For  transient  transfection  assay, 
IGFBP-3  inducible  stable  cell  line  {MCF-7:IGFBP-3  #3)  was  seeded  and  cultured  until  60-70%  confluent, 
then  switched  to  SFM.  T rasient  transfection  with  constituitively  active  Ras  (Ras  VI 2)  or  mock  vector  (pcDNA3) 
was  done  2  h  later  and  add  ponasterone  A  on  8  h  after  transfection. 

fiH]  Thymidine  Incorporation  Assay 

Cells  were  seeded  and  cultured  in  24-well  dishes.  Three  days  after  IGFBP-3  induction,  a  4-h  pulse 
of  0.1  mCi  of  [^H]  thymidine  (25  Ci/mM;  NEN,  Boston,  MA)  in  a  volume  of  25  pi  was  added  to  each  well. 
Cells  were  incubated,  and  the  rate  of  DNA  synthesis  was  estimated  by  measuring  trichloroacetic  acid- 
precipitable  radioactivity  as  described  previously  (23). 

Flow  Cytometry:  Cell  Cycle  and  Apoptosis  Assays 

Cells  were  seeded  and  cultured  in  6-well  dishes,  then  switched  to  SFM  with  or  without  ponasterone 
A  to  induce  the  expression  of  IGFBP-3.  Cells  were  harvested,  pelleted  at  1000  rpm  for  5  min  and  washed 
three  times  with  phosphate-buffered  saline  (PBS).  For  cell  cycle  analysis,  each  sample  was  resuspended  in 
propidium  staining  solution  (50  mg/ml  propidium  iodide,  100  U/ml  RNase  A,  0.1%  Triton  X-100, 0.1%  sodium 
azide  in  PBS)  and  incubated  for  30  min  in  the  dark.  Analysis  of  apoptotic  cells  was  performed  in  IGFBP-3 
inducible  stable  cell  line  using  FITC-conjugated  Annexin  V  according  to  the  manufacturer’s  directions.  Data 
were  collected  on  a  FACSCalibur  flow  cytometer  (Becton  Dickinson,  Franklin  Lakes,  NJ)  equiped  with  an 
argon  laser.  The  data  were  analyzed  using  Cell  Quest  software  (Becton  Dickinson). 

Western  Immunoblotting 
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Cell  lysates  were  prepared  as  described  previously  with  minor  modifications  (24).  In  brief,  confluent 
cells  were  washed  with  cold  PBS,  then  scraped  from  plates  in  the  presence  of  cold  RIPA  lysis  buffer  containing 
20  mM  Tris,  pH  8.0, 150  mM  NaCI,  1%  Nonidet  P-40,  0.5%  Sodium  deoxycholate,  0.1%  SDS,  containing  a 
protease  inhibitor  cocktail  (Roche,  Indianapolis,  IN).  Cell  lysates  were  rocked  for  1 5  min  at  4°C,  then  centrifuged 
to  remove  cell  debris.  The  aliquots  were  stored  at  -70°C  until  use.  Conditioned  media  samples  were 
fractionated  by  12%  SDS-polyacrylamide  gel  electrophoresis  (SDS-PAGE)  under  nonreducing  conditions, 
while  cell  lysate  samples  were  fractionated  under  reducing  conditions.  Fractionated  proteins  were 
electrotransferred  onto  Hybond-ECL  nitrocellulose  (Amersham  Pharmacia,  Arlington,  VA).  Membranes  were 
blocked  in  5%  nonfat  dry  milk  in  T ris-buffered  saline  with  0. 1  %  Tween-20  (TBST),  and  incubated  with  primary 
antibodies  diluted  in  TBST  for  2  h  at  room  temperature  or  overnight  at  4°C.  Membranes  were  washed  in 
TBST,  then  incubated  with  horseradish  peroxidase-conjugated  secondary  antibodies  (Southern  Biotechnology 
Associates,  Birmingham,  AL),  diiuted  1:7000,  for  1  h  at  room  temperature.  Immunoreactive  proteins  were 
detected  using  Renaissance  Western  Blot  Chemiluminescence  reagents  (NEN,  Boston,  MA). 

Northern  Blot  Analysis 

Total  RNAs  from  monolayer  cultures  of  IGFBP-3  inducible  stable  cell  line  cultured  with  or  without 
ponasterone  Awere  isolated  using  the  RNeasy  RNA  isolation  kit  (Qiagen,  Chatsworth,  CA),  and  quantitated 
by  absorbance  at  260  nm.  Five  pg  of  total  RNA  were  electrophoresed  on  1  %  formaldehyde  gels  and  transferred 
to  GeneScreen  Plus  nylon  membranes  (NEN,  Boston,  MA).  Membranes  were  UV  crosslinked  and  stained  in 
0.02%  methylene  blue/  0.3  M  NaOAc,  pH  5.5,  to  verify  equivalent  loading  and  transfer.  32p.|abelled  cDNA 
probes  were  prepared  using  the  Prime  It  kit  (Stratagene,  Cedar  Creek,  TX).  Membranes  were  hybridized  in 
ULTRAhyb  buffer  (Ambion,  Austin,  TX)  overnight  at  42°C,  and  washed  in  0.1  X  SSC  as  described  (3). 

Caspase  Assay 

Cells  were  seeded  in  96-well  plates  until  90%  confluent,  then  incubated  in  triplicate  with  or  without 
ponasterone  A  for  the  times  indicated.  Cells  were  lysed  in  30  pi  per  well  of  ice-cold  lysis  buffer  (50  mM 
HEPES,  pH  7.4, 0.1%  CHAPS,  0.1%Triton  X-100, 1  mM  DTT,  0.1  mM  EDTA).  Twenty  pi  of  each  lysate  was 
used  in  assays  for  caspase  activity  using  a  combination  of  two  fluorogenic  peptide  substrates,  DEVD-AMC 
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and  LEHD-AMC,  which  together  cover  a  wide  range  of  caspases.  Lysates  were  distributed  into  a  96-weii 
black  plate  and  diiuted  in  190  pi  of  assay  buffer  (50  mM  HEPES,  pH  7.4, 100  mM  NaCi,  0.1%  CHAPS,  10 
mM  DTT,  1  mM  EDTA,  10%  glycerol).  Serial  dilutions  of  free  7-amino-4-methylcoumarin  (Sigma,  St.  Louis, 
MO)  diluted  in  assay  buffer  were  included  to  generate  a  reference  standard  curve  for  determination  of  the 
amount  of  AMC  released  in  each  reaction.  The  plate  was  pre-incubated  for  10  minutes  at  37°C,  then  the 
reactions  were  started  with  the  addition  of  DEVD-AMC  and  LEHD-AMC  to  each  weil  to  a  final  concentration 
of  40  pM  each.  Reaction  kinetics  were  monitored  for  up  to  16  hours  at  37°C  in  a  Bio-Rad  Fiuoromark 
fluorometer,  with  piate  readings  taken  every  10  minutes  at  excitation/emission  of  390  nm/460  nm.  Of  the 
remaining  celi  iysate,  5  pi  were  assayed  for  protein  content.  Data  were  analyzed  from  the  linear  portion  of 
the  reactions  using  Microplate  Manager  software  (Bio-Rad),  and  final  results  were  adjusted  for  protein  content. 

Immunocytochemistry 

Cells  were  seeded  in  8-chamber  slides  and  cultured  until  70%  confluent,  then  incubated  with  or 
without  ponasterone  A  for  48  or  72  hours.  Cells  were  then  rinsed  twice  in  PBS,  fixed  in  4%  paraformaldehyde, 
then  rinsed  again  in  PBS.  For  some  antibodies,  cells  were  additionally  incubated  in  ice-cold  methanol  for  2 
minutes  on  ice.  Slides  were  blocked  in  5%  normal  goat  serum/PBS/0.1  %  Triton  for  1-2  hours  at  room 
temperature,  then  incubated  with  primary  antibodies  diluted  in  blocking  solution  at  4°C  overnight.  Slides 
were  rinsed  3  times  for  5  minutes  in  PBS  and  incubated  with  secondary  antibodies  diluted  in  blocking 
solution  for  1  hour  at  room  temperature.  Slides  were  rinsed  as  before,  and  cells  were  covered  in  50% 
glycerol  before  coverslipping.  Data  were  collected  on  a  Nikon  (Melville,  NY)  Diaphot300  inverted  fluorescent 
microscope  eqipped  with  a  1.3  megapixel  CCD  camera  (Princeton  Instruments,  Trenton,  NJ)  using  IPLab 
software  (Scanalytics,  Fairfax,  VA). 

Densitometric  and  Statistical  Analysis 

Densitometric  measurement  of  immunoblots  were  performed  using  a  Bio-Rad  GS-670  imaging 
densitometer  (Melville,  NY).  All  experiments  were  conducted  at  least  three  times.  The  data  were  analyzed 
with  Student’s  f  test,  using  the  Microsoft  Excel  98  software  package. 
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RESULTS 

Induced  Expression  of  IGFBP-3  in  the  MCF-7-derived  Stable  Cell  Lines 

For  these  studies,  we  developed  a  subline  of  MCF-7  human  breast  cancer  cells  which  expresses 
IGFBP-3  when  cultured  in  medium  containing  an  inducing  compound,  ponasterone  A.  The  parental  MCF-7 
cells  do  not  express  detectable  levels  of  IGFBP-3,  and  also  do  not  express  IGF  peptides  (25),  making  this 
cell  line  an  ideal  choice.  A  total  of  16  selection-resistant  clones  were  generated,  and  these  were  tested  for 
inducible  expression  of  IGFBP-3  by  western  immunoblotting  of  conditioned  media  samples.  Figure  1  shows 
the  panel  of  IGFBP-3  protein  production  from  these  16  clones.  IGFBP-3  was  expressed  in  clones  #2,  #3, 
and  #6  in  an  inducible  manner,  while  constitutively  expressed  in  clones  #1  and  #16.  Expression  of  IGFBP- 
3  could  be  detected  within  24  h  at  the  concentrations  of  ponasterone  A  ranging  from  1  to  15  pM,  which  did 
not  affect  cell  viability  (data  not  shown).  Clone  #3  (MCF-7:IGFBP-3  #3)  was  used  for  further  experiments. 
Quantitative  analysis  of  IGFBP-3  protein  levels  in  conditioned  media  from  induced  MCF-7:IGFBP-3  #3  cells 
using  a  radioimmunoassay  indicated  that  maximal  levels  of  IGFBP-3,  ranging  from  approximately  100-150 
ng/ml,  occurs  on  day  3  with  15  pM  ponasterone  A. 

IGF-independent  Inhibition  of  DNA  Synthesis  by  IGFBP-3 

Induced  expression  of  IGFBP-3  resulted  in  an  inhibition  of  DNA  synthesis  compared  to  IGFBP-3- 
uninduced  cells  (MCF-7:IGFBP-3  #3  without  ponasterone  A),  shown  in  Fig.  2A.  This  inhibitory  effect  of 
IGFBP-3  was  dose-dependent,  with  43%  inhibition  occuring  at  a  concentration  of  5  pM  ponasterone  A 
(p<0.001 )  and  45%  inhibition  at  1 0  pM  ponasterone  A  (p<0.05).  Meanwhile,  an  inhibition  of  DNA  synthesis  in 
pVgRXR-transfected  control  cells  (MCF-7:EcR)  was  not  significant.  This  effect  of  IGFBP-3  does  not  result 
from  blocking  the  mitogenic  actions  of  IGFs  by  preventing  their  binding  to  IGF  receptors,  because  MCF-7 
cells,  which  do  not  produce  IGF  peptides  (25),  were  cultured  in  SFM  in  our  system  to  exclude  the  effects  of 
IGFs.  Moreover,  this  IGFBP-3-induced  inhibitory  effect  was  abolished  by  co-treatment  with  Y60L-IGF-I,  an 
IGF  analog  with  a  leucine  for  tyrosine  substitution  at  amino  acid  position  60,  has  a  100-fold  reduced  affinity 
for  IGF  receptors  but  full  affinity  for  IGFBP-3.  Since  previous  study  reported  that  IGFs  abolished  the  IGFBP- 
3-induced  growth  inhibitory  effect  by  forming  an  IGF-IGFBP-3  complex,  thereby  blocking  IGFBP-3  binding 
to  the  cell  surface  receptor  (8),  these  data  demonstrate  the  specificity  of  the  IGF/IGF  receptor-independent 
action  of  IGFBP-3  (Fig.  2B). 
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IGFBP-3  Arrests  the  Cell  Cycle  and  Regulates  Cell  Cycle-related  Proteins 

To  identify  the  mechanism  responsible  for  the  growth-inhibitory  effect  of  iGFBP-3,  we  performed  fiow 
cytometry  analysis.  MCF-7:IGFBP-3  #3  and  EcR  cells  cultured  in  SFM  with  or  without  ponasterone  A  were 
used  to  analyze  the  cell  cycle  profile  by  propidium  iodide  staining  of  DNA  content  followed  by  flow  cytometry 
detection.  The  treatment  of  MCF-7:IGFBP-3  #3  with  1 5  pM  ponasterone  A  caused  a  decrease  in  the  percentage 
of  cells  in  the  S  phase,  from  18.4%  in  the  absence  of  ponasterone  A  to  13.8%  (p<0.05),  and  an  accumulation 
of  cells  in  the  G1  phase  from  72.1%  to  78.1%  (p<0.05)(Fig.  3).  There  was  no  change  in  the  celi  cycle 
distribution  in  EcR  cells  treated  with  ponasterone  A  (data  not  shown).  These  results  suggest  that  induced 
expression  of  IGFBP-3  leads  to  a  cell  cycle  arrest  in  the  G1/S  phase.  We  further  examined  whether  IGFBP- 
3  affects  the  levels  of  cell  cycle-related  proteins,  such  as  cyclin  D1,  cyclin  D3,  cyclin  A,  cdk4,  Rb,  and 
phospho-Rb,  which  are  key  cell  cycle  regulatory  proteins  for  progression  through  G1  phase  of  the  cell  cycle 
in  breast  epithelial  cells  (27,  28).  Firstly,  we  examined  steady-state  cyclin  D1  mRNA  levels  by  Northern 
blotting  using  MCF-7:IGFBP-3  #3  cells  cultured  in  SFM  with  or  without  ponasterone  A  (Fig.  4A).  Both  cyclin 
D1  mRNA  species,  approximately  4.5  and  1 .5  kb  in  size,  were  observed  in  MCF-7:IGFBP-3  #3  cells.  A 
significant  decline  in  4.5-kb  cyclin  D1  mRNA  levels  was  observed  from  24  h  after  addition  of  ponasterone  A. 
In  contrast,  the  1 .5-kb  mRNA  species  was  not  affected  by  addition  of  ponasterone  A.  The  expression  of 
IGFBP-3  mRNA  was  seen  at  12  h,  before  the  decrease  in  expression  of  cyclin  D1  mRNA.  Further  time 
course  study  showed  that  the  expression  of  IGFBP-3  mRNA  was  observed  as  early  as  3  h  after  addition  of 
ponasterone  A  (data  not  shown).  Hybridization  with  p-actin  verified  equal  loading  of  the  gel.  Further, 
immunoblot  analysis  revealed  a  concomitant  decline  in  the  levels  of  cyclin  D1  protein  in  MCF-7:IGFBP-3  #3 
cells  in  a  dose-dependent  manner  on  72  h  after  addition  of  ponasterone  A,  but  not  in  MCF-7:EcR  cells  (Fig. 
4B).  Decreased  levels  of  cyclin  D1  in  MCF-7:IGFBP-3  #3  cells  with  ponasterone  A  was  reversed  by  co¬ 
treatment  of  Y60L-IGF-I  (Fig.  4C),  suggesting  the  IGFBP-3  either  directly  or  indirectly  is  involved  in  regulating 
cyclin  D1  expression  in  an  IGF/IGF  receptor-independent  manner. 

Further  analysis  of  various  cell  cycle-related  proteins  was  performed  in  MCF-7;IGFBP-3  #3  cells 
cultured  in  SFM  with  or  without  ponasterone  A  at  0, 24, 48, 72  h.  As  shown  in  Fig.  5A,  the  levels  of  cyclin  D1 , 
cdk4,  total  Rb,  and  phosphorylated  Rb  were  decreased  from  day  1  and  levels  of  cyclin  A  from  day  3,  while 
the  levels  of  cyclins  D3  and  E  were  unchanged.  These  results  suggest  that  IGFBP-3  specifically  decreases 
the  levels  of  cyclin  D1 ,  cdk4,  and  total  and  phosphorylated  Rb  in  these  cells,  representing  a  possible 
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mechanism  for  IGFBP-3-induced  cell  cycle  arrest  in  G1/S  phase.  Ultimately,  the  decreased  levels  of  Rb  and 
phosphorylated  Rb  may  serve  to  directly  suppress  exit  from  G1  phase.  Additionally,  as  shown  in  Fig.  5B, 
immunocytochemistry  experiments  revealed  a  similar  pattern  of  decreased  level  of  these  proteins. 
Immunodetectable  levels  of  Cyclin  D1  and  phosphorylated  Rb  proteins  were  significantly  reduced  in  cells 
induced  to  express  IGFBP-3  compared  to  controls. 

Effect  of  IGFBP-3  on  the  MAPK  Signaling  Pathway 

Previous  studies  indicated  that  MAPK  cascades  modulate  the  expression  of  cyclin  D1  (29);  thus,  we 
examined  the  effect  of  IGFBP-3  on  MAPK  cascade  proteins.  Fig.  6A  shows  that  the  levels  of  phosphorylated, 
but  not  total,  p44/42  MAPK  was  decreased  in  MCF-7:IGFBP-3  #3  cells  after  induction  of  IGFBP-3.  Further, 
immunofluorescent  microscopy  studies  demonstrated  that  induced  expression  of  IGFBP-3  results  in  a 
significant  decrease  as  well  as  altered  subcellular  localization  of  phosphorylated  p44/42  MAPK  (Fig.  6B). 
This  suggests  that  the  IGFBP-3-mediated  decrease  in  cyclin  D1  results,  at  least  in  part,  through  modulation 
of  p44/42  MAPK  activity. 

To  further  investigate  the  cross-talk  between  IGFBP-3  signaling  and  the  MAPK  signaling  cascades, 
we  transiently  transfected  constitutively  active  Ras  (Ras\/12)  into  our  cell  system.  As  shown  in  Fig.  7, 
overexpression  of  oncogenic  Ras  resulted  in  stimulation  of  DNA  synthesis  as  well  as  activation  of 
phosphorylated  p44/42  MAPK.  Induction  of  IGFBP-3  expression  caused  a  significant  inhibition  of  both 
oncogenic  Ras-induced  DNA  synthesis  and  p44/42  MAPK  phosphorylation.  Taken  together,  these  data 
suggest  that  IGFBP-3  antagonizes  Ras-MAPK  signaling  cascades. 

IGFBP-3  Induces  Apoptosis 

At  the  same  time,  we  determined  whether  IGFBP-3  could  induce  apoptosis  using  the  Annexin  V 
binding  assay,  which  is  used  to  identify  cells  in  the  early  stages  of  the  apoptotic  process  (26).  Fig,  8A  shows 
that  induced  expression  of  IGFBP-3  caused  increase  in  the  percentage  of  cells  in  the  apoptosis,  from  2.1% 
in  the  absence  of  ponasterone  A  to  21.8%,  suggesting  that  IGFBP-3  induces  apoptosis  in  this  cell  system. 
Additional  indication  that  IGFBP-3  induces  apoptosis  came  from  results  of  assays  for  caspase  activity.  The 
data  in  Fig.  8B  demonstrate  that  induction  of  IGFBP-3  expression  causes  an  increase  in  caspase  activity  in 
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these  cells  as  measured  by  Incubating  cell  lysates  with  a  combination  of  the  purified  fluorogenic  caspase 
substrate  peptides  DEVD-AMC  and  LEHD-AMC.  Caspase  activity  in  uninduced  cell  lysates  was  detected  at 
an  average  of  7.8  pmol  AMC  released/min/mg  to  an  average  of  10  pmol/min/mg  with  induced  IGFBP-3 
expression  (p<0.05)  at  48  hrs.  In  addition,  IGFBP-3  increases  caspase  activity  in  a  dose-dependent  manner. 
Taxol,  which  reversibly  binds  to  tubulin,  used  as  a  control  apoptosis  inducer  resulted  in  an  average  of  14.1 
pmol  AMC  released/min/mg.  To  present  further  evidence  of  caspase  activation  by  IGFBP-3,  we  examined 
cleavage  of  one  caspase  substrate,  poly(ADP-ribose)  polymerase  (PARP)  by  immunoblotting.  This  nuclear 
enzyme  is  proteolytically  cleaved  by  activated  caspases  during  apoptosis  (30).  As  shown  in  Fig.  8C,  the 
induced  expression  of  IGFBP-3  resulted  in  an  increase  of  the  85-kDa  carboxy-terminal  fragment  of  PARP 
(2-fold  increase  by  densitometric  measurement),  confirming  that  IGFBP-3  induces  apotosis  at  least,  in  part, 
through  activation  of  caspases  in  the  MCF-7  breast  cancer  cell  system. 
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DISCUSSION 

A  growing  amount  of  data  has  demonstrated  that  some  IGFBPs,  including  IGFBPs  -1,  -3,  -5,  and 
presumably  IGFBP-rPs,  have  their  own  IGF-independent  biological  actions  (3,  5,  8-11).  In  particular,  the 
IGF-independent  effects  of  IGFBP-3  have  been  reported  in  various  cell  systems  by  treatment  with 
recombinant  IGFBP-3  exogeneously  or  use  of  stable  transfection  systems.  However,  its  action  requires 
relatively  high  concentrations  of  recombinant  IGFBP-3,  ranging  from  300-1500  ng/ml,  to  achieve  biological 
effects  (8,  11,  20,  21).  In  the  present  study,  we  utilized  ecdysone-inducible  expression  system  in  MCF-7 
human  breast  cancer  cells  to  examine  the  biological  effects  of  endogenous  IGFBP-3  expressed  under 
controlled  condition.  In  our  system,  human  endogenous  IGFBP-3  was  induced  to  levels  ranging  1 00-150  ng/ 
ml  concentrations  comparable  to  those  obtained  in  conditioned  media  after  treatment  with  various  reagents 
such  as  transforming  growth  factor-p,  retinoic  acid,  tumor  necrosis  factor-a  and  antiestrogen,  used  to 
investigate  the  biological  functions  of  iGFBP-3  in  various  cell  systems.  Our  results  demonstrate  that 
relatively  low  concentration  of  endogenous  IGFBP-3  is  sufficient  to  inhibit  DNA  synthesis  and  induces 
apoptosis,  despite  relatively  high  concentrations  (300-1000  ng/ml)  of  recombinant  IGFBP-3  which  were 
required  to  obtain  similar  biological  effects  of  IGFBP-3  in  MCF-7  celis  (21).  It  is  tempting  to  speculate  that 
the  difference  in  the  levels  of  IGFBP-3  required  for  biological  function  may  result  from  differences  in  IGFBP- 
3  preparations,  that  is,  naturai  vs.  recombinant  forms,  and  endogenous  secretory  protein  from  the  cell  or 
exogenous  form  added  to  the  cultures.  In  addition,  post-translational  modifications,  such  as  glycosylation 
and  phosphorylation,  may  affect  the  activity.  On  the  other  hand,  sensitivity  to  IGFBP-3  may  determine 
whether  the  cell  types  express  the  oncogenes  or  other  molecules  which  influence  the  signaling  pathways  in 
the  development  of  IGFBP-3  insensitivity.  Martin  and  Baxter  (31)  reported  that  resistance  to  lGFBP-3  is 
induced  in  normai  mammary  epithelial  cells  transfected  with  oncogenic  Ras,  therby  activating  the  MAPK/ 
extracellular  signal-regulated  kinase  (ERK)  pathway.  In  contrast,  MCF-10A  normal  human  mammary  epi¬ 
thelial  cells,  which  require  10-100  ng/ml  human  plasma-derived  IGFBP-3  to  achieve  a  similar  level  of  inhibi¬ 
tion  to  that  seen  with  500-1500  ng/ml  in  the  transformed  cells,  are  considerably  more  sensitive  to  IGFBP-3 
than  breast  cancer  cells.  Increased  activity  of  oncogenic  Ras-dependent  signaling  pathways  is  implicated  in 
the  development  of  IGFBP-3  insensitivity  (31).  It  is  of  note  that  MCF-7  cells  do  not  express  oncogenic  Ras, 
which  may  explain  why  such  low  concentrations  of  IGFBP-3  are  sufficient  to  elicit  biological  effects. 

The  IGF-independent  effect  of  lGFBP-3  has  been  extensively  investigated  in  variety  of  cell  systems; 
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however,  the  mechanisms  by  which  these  actions  are  exerted  are  not  fully  elucidated.  Recent  studies  have 
proposed  that  IGFBP-3  functions  as  an  apoptosis-inducing  agent  and  that  this  action  is  mediated  through  a 
p53-  and  IGF-independent  pathway  in  PC-3  prostate  cancer  cells  (20),  whereas  IGFBP-3  has  no  direct 
inhibitory  effect  on  Hs578T  breast  cancer  cells  but  could  accentuate  apoptosis  induced  by  ceramide  (22). 
On  the  other  hand,  a  vitamin  D3  analog  (Ro  24-5531 )  inhibits  cell  growth  and  increases  IGFBP-3  mRNA  and 
protein  levels  in  human  osteosarcoma  cell  line,  and  the  inhibition  in  cell  growth  is  accompanied  by  a 
decrease  in  the  expression  of  p34cdc2,  a  protein  critically  involved  in  cell  cycle  regulation.  These  studies 
have  provided  circumstantial  evidence  that  the  action  of  IGFBP-3  involves  cell  growth  arrest  (32).  Our 
present  studies  focus  on  identification  of  the  potential  mechanism  for  IGFBP-3-induced  growth  inhibition, 
and  demonstrate  for  the  first  time  that  IGFBP-3  induces  cell  cycle  arrest  in  G1  phase  by  regulating 
expression  of  cell  cycle-related  proteins,  in  particular  cyclin  D1 ,  as  well  as  inducing  apoptosis  by  modulating 
proapoptotic  caspase  activities. 

Since  IGFBP-3  prevents  cell  cycle  progression  at  G1  phase,  we  determined  whether  IGFBP-3  affects 
cell  cycle-related  proteins  in  MCF-7:IGFBP-3  #3  cells.  Components  responsible  for  the  coordinated 
progression  through  the  cell  cycle  include  the  cyclin-dependent  kinases  (cdks),  regulatory  cyclin  subunits, 
and  cdk  inhibitors  (33-35).  Once  extracellular  signals  activate  the  synthesis  of  the  regulatory  cyclin  subunit, 
appropriate  sites  on  the  catalytic  subunit  must  be  phosphorylated  by  the  cdk-activating  kinase  (CAK,  also 
known  cdk7)  to  phosphorylate  the  product  of  the  Rb  gene,  resulting  in  the  derepression  of  E2F/DP- 
dependent  transcription  and  passage  through  the  S  phase  of  the  cell  cycle  (36,  37).  D-type  cyclins  (cyclins 
D1 ,  D2,  and  D3),  in  conjunction  with  their  catalytic  partners,  cdk4  and  cdk6,  execute  their  critical  functions 
during  mid-to-late  G1  phase,  as  cells  cross  a  G1  restriction  point  (33).  Overexpression  of  cyclin  D1  can 
shorten  the  G1  cell  cycle  phase,  decrease  cell  size,  and  reduce  requirements  for  growth  factors  (38-40). 
Microinjection  of  antisense  constructs  or  antibodies  to  cyclin  D1  into  normal  fibroblasts  can  prevent  them 
from  entering  S  phase  (38,  41).  In  contrast,  cyclin  E  is  expressed  later  in  G1  phase,  and  its  expression  is 
periodic  and  maximal  at  the  G1-S  transition  (42).  In  our  study,  we  have  found  that  induction  of  IGFBP-3 
leads  to  inhibition  of  expression  of  cyclin  D1  mRNA  followed  by  a  reduction  in  protein  levels,  and 
concomitant  decrease  of  cdk4,  total  Rb,  and  phospho-Rb  proteins  as  an  early  event  and  decrease  of  cyclin 
A  as  a  late  event,  indicating  a  possible  mechanism  for  IGFBP-3-induced  cell  cycle  arrest  in  the  G1/S  phase 
transition.  In  contrast,  cyclin  D3  and  cyclin  E  do  not  show  any  change,  suggesting  that  cyclin  D1  is  a  major 
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player  in  the  regulation  of  G1-S  phase  progression  by  IGFBP-3  in  MCF-7  ceils.  Cyclin  D1  is  important  for 
neopiastic  transformation  as  well  as  cell  cycle  pregression.  When  cyclin  D1  is  cotransfected  with  other 
oncogenes,  such  as  activated  Ha-ras  or  adenovirus  E1A  into  human  fibroblast,  malignant  transformation  of 
cells  has  been  reported  (43,  44).  Overexpression  of  cyclin  D1  in  the  mammary  gland  of  transgenic  mice 
induces  mammary  carcinoma  (45).  Moreover,  dysregulated  cyclin  D1  expression  have  been  observed  in 
human  neoplasia,  including  breast  cancer  (46,  47).  These  results  suggest  that  IGFBP-3,  which  is  able  to 
modulate  cyclin  D1  expression,  has  a  potential  role  in  a  strategy  for  anti-cancer  therapy. 

The  expression  of  cyclin  D1  is  known  to  be  regulated  by  transcriptional,  translational,  and  post- 
transcriptional  processes  (48,  49).  Multiple  signaling  pathways  seem  to  be  involved  in  the  regulation  of 
cyclin  D1  expression  at  a  transcriptional  level.  Previous  studies  have  shown  that  cyclin  D1  expression  is 
regulated  by  the  p44/42  MAPK,  p38  MAPK,  and  Jun  kinases  (JNKs)  (29).  Moreover,  direct  induction  of 
cyclin  D1  can  be  achieved  by  serum,  growth  factors,  cytokines,  Rb,  oncogenic  Ras,  and  Src  kinase  (29, 50- 
53).  Ectopic  expression  of  E2F1  inhibits  the  cyclin  D1  protein  at  the  transcriptional  level,  suggesting  a 
negative  feedback  for  cells  already  in  S  phase  (54).  Decreased  expression  of  cyclin  D1  by  IGFBP-3  shown 
in  this  study  may  be,  at  least  in  part,  associated  with  the  decreased  level  of  p44/42  MAPK  activity.  Our 
results  demonstrated  that  induced  expression  of  IGFBP-3  results  in  inhibition  of  not  only  basal 
phosphorylation  of  p44/42  MAPK,  but  also  oncogenic-Ras-induced  phosphorylation  of  p44/42  MAPK, 
indicating  that  IGFBP-3  appears  to  interact  with  the  Ras-MAPK  signaling  cascades,  presumably  on  a 
downstream  effector  of  Ras  and  thereby  regulating  cyclin  D1  expression  and  subsequent  cell  cycle 
progression.  More  proximal  events  of  IGFBP-3-induced  antagonism  of  the  MAPK  signaling  pathway  will  be 
the  subject  of  future  studies  in  our  laboratory. 

Beyond  arrest  of  the  cell  cycle,  our  data  also  indicate  that  cellular  expression  of  IGFBP-3  promotes 
apoptosis  in  MCF-7  cells.  Apoptosis  is  a  major  multi-faceted  form  of  cell  death,  that  has  been  implicated  as 
playing  a  role  in  several  human  diseases,  including  cancer.  There  are  series  of  events  involved  in  the 
commitment  and  execution  of  apoptotic  cell  death,  several  of  which  have  been  well  characterized.  Among 
these  are  changes  in  the  plasma  membrane,  with  the  enzymatically-driven  translocation  or  “flipping”  of 
phosphatidylserine  to  the  extracellular  surface.  The  result  of  this  process  can  be  detected  utilizing  the 
binding  properties  of  Annexin  V,  which  binds  preferentially  to  phosphatidylserine  and  other  negatively  charged 
phospholipids.  Our  results  show  a  clear  and  significant  increase  in  Annexin  V  binding  in  cells  induced  for 
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IGFBP-3  expression  relative  to  controls.  Another  indicator  of  the  apoptotic  process  is  caspase  activity. 
Caspases  are  a  family  of  evolutionarily  related  cysteine-dependent  proteases,  with  an  universal  specificity 
for  Asp  in  the  P-|  position,  that  play  a  prominent  role  during  the  progression  of  apoptosis.  Activation  of 
caspases  and  subsequent  cleavage  of  critical  cellular  substrates  are  implicated  in  many  of  the 
morphological  and  biochemical  changes  associated  with  apoptotic  cell  death.  Using  an  assay  which  detects 
activity  of  a  broad  range  of  caspases,  we  demonstrate  a  measurable  and  reproducible  increase  in  caspase 
activity  in  IGFBP-3-induced  cells  relative  to  control  uninduced  cells,  and  further  the  increase  in  caspase 
activity  was  dose-dependent  with  regard  to  IGFBP-3.  Furthermore,  increased  cleavage  of  the  caspase 
substrate  poly(ADP-ribose)  polymerase  (PARP)  was  observed  after  induction  of  IGFBP-3  expression.  The 
nuclear  enzyme  PARP  is  proteolytically  cleaved  by  activated  caspases,  primarily  caspases  3  and  7  during 
apoptosis,  but  can  also  be  cleaved  in  vitro  by  a  wide  range  of  caspases  (30).  It  is  of  note  that  MCF-7  cells 
do  not  express  caspase  3  due  to  afunctional  deletion  of  the  gene  (55),  suggesting  that  the  IGFBP-3-induced 
activation  of  caspase  activity  may  be  mediated  primarily  through  caspase  7  and  others.  Nevertheless, 
these  three  lines  of  evidence  indicate  that  induction/promotion  of  apoptosis  is  a  major  effect  of  cellular 
expression  of  IGFBP-3  in  these  cells. 

Our  previous  studies  have  demonstrated  that  IGFBP-3  inhibits  cell  growth  in  an  IGF-independent 
manner  through  an  IGFBP-3  receptor  in  Hs578T  breast  cancer  cells  (8,  9,  13).  In  addition,  we  have 
sequenced  and  characterized  a  novel  gene/protein  which  specifically  interacts  with  IGFBP-3,  designated 
the  IGFBP-3  receptor  (IGFBP3-R)  (unpublished  data).  When  we  transfect  IGFBP-3R  into  IGFBP-3-induced 
cells.  DNA  synthesis  was  further  inhibited  (by  an  average  of  65%)  compared  to  control  IGFBP-3-induced 
cells  (an  average  of  45%),  suggesting  that  IGFBP-3  and  IGFBP-3R  appear  to  cooperatively  suppress  DNA 
synthesis  and  cell  growth,  to  an  extent  greater  than  that  seen  with  IGFBP-3  alone  (unpublished  data). 
Furthermore,  the  IGFBP-3  R  alone  results  in  no  significant  changes  in  DNA  synthesis  and  cell  growth  in  the 
same  cell  system,  suggesting  the  necessity  for  an  interaction  between  IGFBP-3  and  IGFBP-3R  for  IGFBP- 
3-induced  biological  function. 

We  conclude  that  cellular  expression  of  IGFBP-3  inhibits  DNA  synthesis  and  cell  growlh  through 
cell-cycle  arrest  in  G1  phase  and  induction  of  apoptosis  at  physiological  concentrations  in  an  IGF- 
independent  manner  in  MCF-7  breast  cancer  cells.  Regardless  of  the  underlying  mechanisms,  the  present 
study  demonstrates  that  IGFBP-3  decreases  the  levels  of  cyclin  D1  protein,  followed  by  cdk4,  Rb,  and 
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phospho-Rb,  indicating  a  possibie  mechanism  of  ceil  cycie  arrest.  Aithough  we  cannot  exciude  additional 
posttranscriptional  and  translational  regulation  of  cyclin  D1  by  IGFBP-3,  our  results  suggest  that  IGFBP-3 
decreases  the  cyclin  D1  expression  at  the  level  of  transcription,  in  part,  through  the  decline  in  p44/42  MAPK 
expression.  This  novel  cell  cycle  regulatory  and  apoptosis-inducing  aspect  of  IGFBP-3  has  clinical 
significance  in  the  prevention  and/or  treatment  of  human  neoplasia,  particularly  in  conjunction  with  the 
IGFBP-3  receptor. 
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Fig.1 .  Panel  of  IGFBP-3  expression  in  1 6  clones  tested  for  induction  with  ponasterone  A.  MCF-7  cells 
were  stably  transfected  using  the  ecdysone-inducible  system.  Transfected  cells  were  selected  in  G418-  and 
Zeocin-containing  medium.  Incubation  of  the  cells  with  Ponasterone  A  induces  the  expression  of  IGFBP-3. 
Clones  1  and  16  constitutively  expressed  IGFBP-3;  clones  2,  3,  and  6  expressed  IGFBP-3  in  an  inducible 
manner. 

Fig.  2.  Inhibitory  effect  of  IGFBP-3  on  DNA  synthesis  in  inducible  stably  transfected  MCF-7  cells.  A) 

Cells  were  treated  with  ponasterone  A  at  concentrations  of  0-10  pM  for  72  h  in  SFM  prior  to  assessing  DNA 
synthesis  by  [^HJ-thymidine  incorporation.  Significant  decreases  in  DNA  synthesis  compared  with  noninducible 
MCF-7:IGFBP-3  #3  cells  were  seen.  * ,  p<0.05:  **  ,  p<0.001  compared  with  cells  without  ponasterone  A.  B) 
Cells  were  treated  with  Y60L-IGF-I  (100  ng/ml),  an  IGF-I  analog  with  significantly  reduced  affinity  for  the  IGF 
receptor  but  high  affinity  for  IGFBPs,  in  the  presence  or  absence  of  ponasterone  A  (1 0  |xM)  as  indicated  for 
72  h  prior  to  assay  for  [^HJ-thymidine  incorporation.  The  inhibitory  effect  of  IGFBP-3  was  abolished  by  Y60L- 
IGF-I,  demonstrating  IGFBP-3  specificity  and  IGF  independency.  * ,  p<0.05  compared  with  cells  treated  with 
10  pM  ponasterone  A. 

Fig.  3.  Cell  cycle  arrest  in  the  IGFBP-3-induced  cells.  Asynchronous  MCF-7:IGFBP-3  #3  cells  were 
seeded  with  or  without  ponasterone  A  in  SFM  for  72  h.  The  percentages  of  cells  in  the  various  phases  of  the 
cell  cycle  were  determined  by  propidium  iodide  staining  for  DNA  content  and  subsequent  flow  cytometry. 
These  data  show  that  induced  expression  of  IGFBP-3  resulted  in  an  arrest  of  the  cell  cycle  in  the  G1  phase. 
*,  p<0.05  compared  with  cells  without  ponasterone  A. 

Fig.  4.  Induced  IGFBP-3  expression  causes  a  reduction  in  cyclin  D1  at  mRNA  and  protein  levels.  A) 
Northern  blot  analysis  of  a  time  course  of  cyclin  D1  and  IGFBP-3  expression  in  induced  and  uninduced  cells. 
With  the  induction  of  IGFBP-3,  expression  of  the  4.5-kb  cyclin  D1  mRNA  species  is  decreased.  Expression 
of  the  1 .5-kb  species  is  not  affected,  p-actin  was  used  as  a  control.  B)  Western  immunoblot  analysis  of 
cyclin  D1  protein  in  the  MCF-7:IGFBP-3  #3  and  MCF-7:EcR  cells  after  treatment  with  increasing  concentrations 
of  ponasterone  A  for  72  h.  Induction  of  IGFBP-3  results  in  a  significant  decrease  in  the  level  of  cyclin  D1 
protein.  C)  Co-treatment  with  Y60L-IGF-I  reverses  the  decreased  level  of  cyclin  D1  protein  showed  in  IGFBP- 
3-induced  cells,  demonstrating  specificity  of  IGFBP-3. 
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Fig.  5.  Cell  cycle-related  proteinsaffectedbyinductionof  IGFBP-3  expression.  A)  Western  immonoblot 
analysis  of  various  cell  cycle-related  proteins  in  the  MCF-7:IGFBP-3  #3  cells  cultured  in  SFM  in  the  presence 
or  absence  of  ponasterone  A  at  indicated  time.  The  expression  of  cyclin  D1 ,  cdk4,  total  Rb,  and  phospho-Rb 
starts  to  decline  from  day  1  in  the  IGFBP-3-induced  cells,  presenting  a  possible  direct  mechanism  for  IGFBP- 
3-induced  cell  cycle  arrest.  A  decrease  of  cyclin  A  expression  is  evident  after  day  3.  B)  Immunofluorescent 
staining  of  cells  showing  the  decrease  in  cyclin  D1  and  phosphorylated  Rb  detectable  levels  with  the 
induction  of  IGFBP-3. 

Fig.  6.  IGFBP-3  Induction  causes  a  decrease  In  active  MAPK.  A)  Western  immunoblot  analysis  of  p44/ 
42  MAPK  and  phosphorylated  p44/42  MAPK  in  the  MCF-7:IGFBP-3  #3  cells  cultured  in  SFM  in  the  presence 
or  absence  of  ponasterone  A  at  indicated  time.  The  phosphorylation  of  MAPKs  declines  with  induction  of 
IGFBP-3.  B)  Immunofluorescent  staining  of  phospho-p44/42  MAPK  in  control  uninduced  and  IGFBP-3- 
induced  cells.  A  decrease  in  detectable  levels  of  phospho-MAPK  is  evident,  as  well  as  altered  subceilular 
localization. 

Fig.  7.  IGFBP-3  antagonizes  Ras-Induced  MAPK  signaling.  MCF-7:IGFBP-3  #3  cells  were  transfected 
with  a  constitutively  active  Ras  (RasV12)  construct,  which  increased  A)  DNA  synthesis  and  B)  phosphorylation 
of  p44/42  MAPK.  Induction  of  IGFBP-3  expression  by  addition  of  ponasterone  A  at  8  h  after  transfection 
abrogated  both  of  these  RasV12-induced  effects.  Thymidine  incorporation  assay  was  done  at  48  h  after 
addition  of  ponasterone  A,  while  preparation  of  cell  lysates  for  immunoblotting  was  done  at  12  h.  *  ,  p<0.05 
compared  with  cells  without  ponasterone  A. 

Fig.  8.  Induction  of  apoptosis  in  the  MCF-7:IGFBP-3  #3  cells.  A)  Annexin  V  binding  assay.  Asynchronous 
MCF-7:IGFBP-3  #3  cells  were  seeded  in  10%  FBS  with  or  without  ponasterone  A  for  72  h.  Cells  were 
incubated  with  Annexin  V,  then  binding  of  Annexin  V  was  determined  by  flow  cytometry.  IGFBP-3-induced 
cells  showed  significantly  increased  binding  of  Annexin  V,  an  indicator  of  cells  undergoing  apoptosis.  B) 
Caspase  assay.  Asynchronous  MCF-7:IGFBP-3  #3  cells  were  cultured  in  SFM  with  or  without  ponasterone 
A,  and  taxol  as  a  control  apoptosis  inducer  for  48  h,  and  cell  lysates  were  assayed  for  caspase  activity  using 
DEVD-AMC  and  LEHD-AMC.  Induction  of  IGFBP-3  caused  a  dose-dependent  increase  in  caspase  activity 
compared  to  control  uninduced  levels.  * ,  p<0.05  compared  with  cells  without  ponasterone  A.  C)  Detection 
of  PARP  cleavage  to  the  p85  protein  species  as  detected  by  western  immunoblotting.  An  increase  in  the 
p85  species  was  seen  in  lysates  from  IGFBP-3-induced  cells  compared  to  uninduced  controls. 
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mSULIN  AND  IGF  BINDING  BY  IGFBP-3  ^^MENTS  DEI^D  ER^ROTEOLYSIS,  BACULOVKUS 

EXPRESSION  AND  NORMAL  HUMAN  URINE. 

PEtEK  VORWERK,  VOSIOTAKA  YAflANAKA,  ANNA  SPACNOLI,  VORNGMAN  OH,  RON  G.  ROSENFILD.' 
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JSSl^Emna.  IOFBP.3  mas  pAAmrl,  «e~. 

fiagmeot  resulting  fiom  this  digestion  migrated  at  ca.  15  kDa  m  nonre<te^  Sfmd  a“cid  sequence  analysis,  we  coastructed 
N-tenninal  IGFBP-3  fiagment,  by  use  ofN-tennmus-specdic  monoclonal  digjion,  «  v«U  as  the 

and  expressed  a  su^ar  show  spedfic  insulin  binding  on  cross-liitog  mi 

baculovirus-expressed  recombinant  human  IGFBP-3  ,  retam  weaK  iw  umu  b  •  recentor-overexoressine  NIH  3T3  cells. 

western  Ugand  blot.  RhlGFBP-a*-*’  can  inhibit  insulin  rector  ®  These  data  tadicateL  physiological 

Insulin  and  IGF  binding  to  IGFBP-3  fragments  could  be  fiuther  demonstrated  m  normal  urme.  These  data  moicare  p  y 

significance  of  IGFBP-3  fiagmenU  derived  from  proteolysis  in  vivo. _ _ _ _ _ _ 


INTRODUCTION 

IGFBPs  are  important  regulators  of  IGF  action,  by  modulatmg 
IGF  binding  to  its  receptors.  IGFBP-3  is  the  major  serum  IGFBP 
and  transports  70-90%  of  the  circulating  IGFs.  In  tar^  cell 
systems,  it  sequesters  IGFs  and  iirhibits  their  hormonal  action,  but 
may,  under  specific  conditions,  also  potentiate  IGF  action  or  exert 
IGF-independent  effecte  (1,2).  IGFBP-3  can  be  modified  by 
proteolysis  under  various  conditions.  Initially  described  in  human 
pregnancy  serum,  limited  IGFBP-3  proteolysis  md  its 
si^iificance  in  vivo  have  become  intensive  research  subjects  (3- 
6).  Prostate  specific  antigen,  matrix  metalloproteinases,  plasmin 
and  thrombin  have  all  been  identified  as  IGFBP-3  proteases  (7- 
12).  Reports  about  limited  proteolysis  of  IGFBP-3  by  plasmin  and 
the  physiological  relevance  of  the  resulting  fiagments  have 
provided  differoit  results  with  respect  to  size,  sequence  and  IGF 
binding  ability  (11,12).  Our  Uboratory  has  reported  recently  the 
ability  of  IGFBPs  to  specifically  bind  insulin  (18).  The  N-tenninal 
part  of  IGFBP-3  was  shown  to  bind  insulin  and  inhibit  its 
interaction  wWi  the  insulin  receptor,  hi  the  presoit  study,  we  have 
enqrloyed  purified  plasmin  from  human  serum  to  proteolyse 
recombinant  IGFBP-3*""  in  vitro,  and  have  characterized  the 
major  resulting  fragment  and  expressed  it  in  a  baculov^ 
expression  system.  Using  baculovirus-expressed  ihIGFBP-3  , 
we  describe  Ihe  ability  of  this  fragment  to  specifically  bind  IGFs 
and  insulin  and  inhibit  insulin  receptor  autophosphorylation. 

MATERIAL  AND  METHODS 

RhIGF-1,  purchased  fiom  Badiem  (Torrance,  CA),  was  iodinated 
as  described  previously  (13);  lGFBP-3*""  was  a  gift  from  Celtrix 
(Santa  Clara,  CA);  plasmin  was  fixim  Fluka  (Ronkonkoma,  NY), 
and  ’^insulin  was  a  gift  from  DSL  (Webster,  TX). 

Proteolysis  of  IGFBP-f^*  -  0.5  pg  of  IGFBP-3*""  were 
digested  wifli  different  concentrations  of  plasmin  (0.1  to  100  pg 
plasmin  per  0.5  pg  IGFBP-3)  for  30  min  at  37“C  in  Ttis  buffer 
(0,02  M  tris,  ph  7,4;  0,15  M  NaCl).  After  digestion,  the  reaction 
was  stopped  with  SDS  sample  buffer  and  loaded  immediately  on 
a  15Yo  SDS-PAGE. 

Expression  and  purification  of  human  IGFBP~3  fragment-'  The 
cDNA  for  IGFBP-B^"”  was  generated  by  PCR  amplification  fi^om 
the  human  IGFBP-3  cDNA  and  subcloned  into  pFASTBACl 
baculovirus  expression  vector  (Gibco)  using  the  unique  EcoRI  site 
at  nt.  position  917  in  the  IGFBP-3  cDNA  (19),  At  the  3’  end,  a 
FLAG  epitope  (DYKDDDDK)  followed  by  a  stop  codon  and  an 


unique  Xbal  site  were  introduced  after  aa  position  97  of  IGFBP-3 
Primers  (A)  5’-GTGAATTCTCGAGCTCGTCGA  (915-935)  and 
oL^rTAaACTACTTGTCATCGTCGTCCTrGTAGrCG 
CGCAGGCGGCIGACGGCACTAG  (1396-1418)  were  used,  and 
the  resulting  PCR  product  was  subcloned  into  the  egression 
vector.  After  sequencing,  the  construct  was  introduced  into  viral 
DNA  and  transfected  into  SF-9  insect  cells,  according  to  e 
vendor’s  protocol  Western  immunoblots  (WIB)  were  perfomed 
with  FLAG  specific  anti-M2  antibody  (Kodak)  and  our  polyclonal 
a-IGFBP-3  antibody  (14).  Large  scale  protein  purification  was 
done  as  described  previously  (13).  Purity  and  concatration  of 
IGFBP-3  was  determined  by  staining  with  Coomassie  Blue  and 
comparison  with  known  amounts  of  IGFBP-3*"" 

Western  ligand  blot  (WLB)-  Samples  of  plasmin-digested  IGraP- 
jgFBP-3^‘’’  were  subjected  to  reducing  SDS-PAGE  (15  /o 
iffil)  electroblotted  onto  nitrocellulose  filters,  incubated  overnight 
wi&  1  5x10*^  cpm  of  “^GF-I  or  “^insulin,  washed,  dried,  and 
exposed  to  Biomax  MS  film  (Eastman  Kodak)  for  4  to  14  d^^ 
AfiTmity  cross-linking  -  Plasmin-dig^rf  IGFBP-3  •  or 
3‘-”  ws  incubated  wifli  “’lGF-1  or  “’insulin  (50,000  cpm)  m  tte 
presaice  or  absence  of  unlabeled  Ugand.  After  cross-linking  with 
DSS,  samples  were  subjected  to  SDS-PAGE  (15%  gel) 
autoradiography  on  Biomax  MS  film. 

Insulin  receptor  (IR)  autophosphorylation  ass<^  -  was  performed 
as  described  previously  (18).  Briefly,  confluent  m.-overexp^smg 
NIH3T3  cells  were  incubated  in  serum-fi'ee  medium  ovemi^t  m 
treated  for  3  min  with  DMEM  containing  75  ng/ml  bovine  insulm 
and  different  concentrations  of  IGFBP-3‘^.  which  been 
preincubated  for  2h  at  4°C.  CeUs  were  washed,  solubilized  a^ 
the  lysate  subjected  to  8%  SDS-PAGE.  The  p-subunit  of  the  IR 
was  detected  by  4G10  anti-phosphotyrosine  antibody. 

Preparation  of  urine:  Ovemigjit  urine  from  a  heaWiy  4  year-old 
girl  was  filtered  and  concentrated  with  centriprqi  10  (Amicon, 
Beverly,  MA). 

RESULTS  ^ 

Proteolysis  of  IGFBP-3  by  plasmin  -  Fig.  lA  shows  the 
immunoblot  of  IGFBP-3*""  digested  by  different  concentrations 
of  plasmin,  on  a  nonreducing  15%  SDS-PAGE.  At  the  lowest 
plasmin  concentration,  five  different-sized  IGFBP-3  fie^ente 
were  detected  (27-,  21-,  20-,  18-,  and  15-kDa).  On  increasing  the 
plasmin  concentration  500-1000  fold,  only  the  15  kDa  fogment 
remained  sUble.  Similar  results  have  been  detected  by  digestmg 
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0.5  ng  IGFBP-3  with  15  plasmin  for  up  to  4  hours  (data  not 
shown).  Fig.  IB  shows  a  WLB  of  plasmin-digested  IGFBP-3  with 
*^toF-I  (left  panel)  and  ‘^^insulin  (right  panel).  The  predominant 
15  kDa  fragment  is  able  to  bind  radiolabeld  IGF-1,  as  well  as 
insulin.  Afiinity  cross-linking  of  IGFBP-3  proteolysed  by 
plasmin  with  radiolabeled  IGF-I  or  insulin,  was  also  performed 
(Fig.  1C)  The  15  kDa  fragment  could  -be  crosslinked  to 
radiolabeled  IGF-I  (left  panel)  and  insulin  (right  panel). 


0  0.1  0.5  1  5  10  50  100 

29kDa  -H 


18  kDa 


Deglycosylation  studies  demonstrated  a  15,000  Mwcore  protein 
with  one  N-linked  glycosylation  site.  WLB  of  IGFBP-3 (Fig.  2 
B)  shows  the  ability  of  the  synthetic  fragment  to  bind  ^^GF-1 
(left)  or  “’insulin  (ri^t). 


CM  FT  W  W  E 


Figure  2A:  WEB  of  baculovirus^ressed  IGFBP-3‘'®’  using  anti-M2 
antibody.  CM-cxmditianed  medium  (30inl);  FT^low-throu^  (30ml);  W-wadx 
(30ml);  W-void  volume  (1ml);  E-elution  (4ml).  25pl  cf  each  fraction  were 
separated  on  a  15%  SDS-PAGE  under  reduced  conditions. 


◄-14kDA-^ 


14  kDa 


Figure  lA:  WIB  of  plasmin-digested  IGFBP-3.  In  each  lane  0.5  pg 
nonglycosylated  IGFBP-3  were  digested  with  difierent  amounts  rf  plasmin  as 
indicated  above  and  separated  on  a  15%  SDS-PAGE  under  nonreducing 
conditions. 


WLB  WEB  WLB 
a  BP-3  *^INS 


FigurelB:  WLB  plasmin  digested  IGFBP-3.  5pg  IGFBP-3^'‘''  were 
digested  with  500pg  plasmin  and  separated  on  a  15%  SDS-PAGE  under 
reducing  conditions.  WLB  was  done  with  radiolabled  IGF-I  (left  lane)  or 
in?ailin  (ri^t  lane),  and  the  control  WEB  is  diown  in  the  middle. 


Figure  2B:  WLB  rfbaculovirus  expressed  IGFBP-3 1 2}ig(^  IGFBP-3 *' 
^  were  s^arated  on  a  15%  gel  under  reduced  conditioas  and  incubated  with 
ligand,  as  indicated  above. 

Cross-linking  of  IGFBP-3*'”  to  ‘^’IGF-I  and  '^’insulin  was 
peifonned.  For  both  ““IGP-I  and  ‘^’insulin,  a  dose-dependent 
linear  increase  in  binding  of  the  ligand  to  the  fragment,  starting  at 
<  30  nmol  fragment  concaitration,  could  be  detected  (data  not 
shown).  Competitive  affinity  cross-linking  was  performed  with 
100  pmol  IGFBP-3*'’l  Both  “’IGF-I  and  “’insulin  bound 
specifically  to  the  fragment,  as  shown  by  competition  with 
unlabeled  IGF-I  or  insulin,  respectively  (fig.  2C).  Subsequent 
competition  of  labeled  insulin  with  cold  IGF-I  or  labeled  IGF-I 
with  cold  insulin  showed  similar  competition  in  both  experiments 
(data  not  shown),  indicating  a  similar,  if  not  identical,  binding  site 
for  IGF-I  and  insulin. 
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FigurelC:  Cross-linking  of  plastnin  digested  IGFBP-3  (200  ng)  to  '*^GF-I 
(  left  lane)  or  ‘^insulin  (  h^t  lane)  and  subsequent  sq)aratioa  on  a  15% 
nonreduciag  SDS-PAGE.  WIB  of  the  digestion  is  shown  in  the  middle. 

Tlie  Nl^-teiminal  sequence  analysis  of  the  15  kDa  IGFBP-3 
firagment  revealed  that  this  fragment  represents  the  NH2  -terminal 
portion  of  IGFBP-3.  Based  on  published  cleavage  sites  for  plasmin 
and  other  proteases,  the  size  of  the  fragm^it,  and  the  amino  acid 
sequence  of  the  15  kDa  fragment,  we  d^ennined  this  fragment  to 
beIGFBP-3^‘’^ . 

Construction  and  expression  of  FLAG-tagged  IGFBP-3^'^  Fig.  2A 
is  a  WIB  of  the  fractions  collected  during  purification  of  FLAG- 
tagged  IGFBP-3 Analysis  of  the  purified  protein  and 
subsequent  Coomassie  staining  (data  not  shown)  showed  a  protein 
of  approximately  16,000  molecular  wei^t  and  99%  purity. 


Figure  2C;  Cen^etitive  aftmity  cross-linking  rf  IGFBP-3‘‘’^  to  '^^GF-I 
(left)  or  ’^’insulin  (ri^t).  100  pmol  IGFBP-S*  ’^  were  crosslinked  to  ‘^^GF-I 
or  '"insulin.  Cotr^etitioa  was  done  with  the  same  unlabeled  ligand  at  the 
concentratioas  indicated  above. 

Inhibition  of  Insulin  receptor  autophosphorylation  by  IGFBP-S^ 
Figure  3  A  shows  the  anti-phosphotyrosine  WIB  of  total  cell  lysate 
from  insulin  receptor-overexpressing  NIH  3T3  cells,  after  insulin 
stimulation  in  the  absence  or  presence  of  different  amounts  of 
ihIGFBP-3‘^\  The  p-subunit  of  the  insulin  receptor  was  detected 
by  anti-phosphotyrosine  antibody.  In  contrast  to  full  length 
IGFBP-3,  the  IGFBP-3^‘’’  fragment  was  able  to  inhibit  the 
autophosphorylation  of  the  insulin  receptor  p-subunit  in  a  dose- 
dependent  manner.  IGFBP-3^'’’  readily  inhibited  IR 
autophosphorylation  more  than  50%  at  a  concentration  of.  lOpmol 
and  90%  at  lOOpmol  (fig.  3B).  It  is  of  note  that  after  preincubation 
of  insulin  and  IGFBP-3  additional  treatment  with  excess 
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insulin  (lOOng/ml)  overcomes  the  inhibitory  effect  of  IGFBP-3^‘®\ 
suggesting  that  inhibition  by  IGFBP-3*’^  is  throu^  insulin 
binding  (data  not  shown). 
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Figure  3A!  Inhibition  of  IR  autopho^horylation  by  IGFBP-3’  Left  lane: 
no  insulin;  lanes  2-6  (left  to  right):  75  ng/ml  insulin;  lanes  3-5:  coinaibation 
with  10,  30  or  100  pmol  IGFBP-3*'’^  lane  6:  coincubation  with  lOOpmol 
IGFBP-3''"". 
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Figure  3B;  Mubiticn  of  IR  aulophoepliotylatioii  by  IGFBP-3*  ^ . 
Densit(Hnebic  readings  3  representative  gels.  Simulation  with  75  ng^ 
insulin  —  100%. 


75  ng/ml  insulin 


IGF-I  and  insulin  binding  of  urinary  IGFBP-3  fragments: 

In  concentrated  urine,  we  detected  IGFBP-3-related  bands  at 
42/44  kDa,  29  kDa  and  17.7  kDa  by  WIB  with  polyclonal 
otIGFBP-3  antibody  under  nonreducing  conditions  (data  not 
shown).  Under  reducing  conditions,  the  17.7  kDa  IGFBP-3 
fragment  migrates  in  15%  SDS-PAGE  at  approx.  14  kDa.  Figure  4 
shows  a  WLB  of  urine  with  radiolabeled  IGF-I  or  insulin.  The 
corresponding  WIB  identified  two  major  IGFBP-3  fragments,  at 
29  and  14  kDa,  both  of  which  are  detected  by  the  radiolabeled 
ligands.  Tte  other  bands  (such  as  18  kDa)  could  not  be  detected 
by  IGFBP-3-immunoblot,  and  could  result  from  other  IGFBPs  in 
urine  v^ch  retain  the  ability  to  bind  IGF-I  and  insulin. 
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Figure  4:  WLB  cf  30pl  500x  oonemtrated  urine  under  reducing  conditions. 
The  29  kDa  aid  the  14  kDa  fragments  arc  detected  by  IGFBP-3  antibody 
(middle).  Both  **^GF-I  and  *^^insulin  can  recognize  these  fragments  in  WLB . 
The  18  kDa  baid  is  not  detected  by  WIB  and  presumably  is  a  fragment  of 
another  IGFBP. 


DISCUSSION 

In  vitro  proteolysis  of  IGFBP-3  by  plasmin  is  a  convinient 
model  for  the  study  of  the  structure  and  action  of  IGFBP-3 
fragmoits,  since  several  laboratories  have  shown  that  plasmin  is 
part  of  the  in  vivo  proteolytic  activity  for  IGFBP-3  under  various 


conditions  (6,10,12).  In  the  present  study,  we  describe  an  IGFBP- 
3  fragment  derived  from  in  vitro  plasmin  digestion.  Previous 
studies  identified  this  fragment  as  part  of  the  N-tenninal  domain 
of  IGFBP-3  (16).  Because  the  N-terminus  of  IGFBP-3  is  one  of 
the  hi^y  conserved  regions  among  the  binding  proteins  ^d 
considered  as  a  major  IGF  binding  site,  we  expected  the  IGFBP' 
fragment  to  bind  IGFs,  although  with  reduced  aflOnity.  TTiis 
assumption  was  supported  by  our  previous  report  off  a  17.7  kDa 
urinary  IGFBP-3  fragment  which  binds  IGF,  althou^  with 
reduced  aflBnity  compared  to  intact  IGFBP-3.  Similar  to  the 
IGFBP-3'‘’^  pq)tide,  this  fragment  is  glycosylated  at  one  site  and 
the  deglycosylated  core  protein  migrates  at  ca.  15  kDa  in  a 
nonreducing  SDS-PAGE  (20).  Western  immimoblots  performed 
with  previously  described  monoclonal  IGFBP-3  antibodies  (16) 
confirmed  this  17.7  kDa  urinary  fragment  as  an  N-tenninal 
fragment  (data  not  shown). 

Our  laboratory  has  reported  recently  on  the  ability  of  IGFBPs, 
especially  IGFBP-7,  to  bind  insulin  (18).  It  could  be  shown 
additionally,  that  under  reduced  conditions,  IGFBP-3  and  a 
synthetic  fragmait  sinular  to  the  hi^y  conserved  N-tenninal 
region  of  IGFBP-3  (aa  1-87)  bind  insulin  in  WLB.  Ibis  N- 
terminal  fragmait  was  able  to  inhibit  insulin-induced 
autophosphorylation  of  the  insulin  receptor  and  subsequent  IRS-1 
phosphorylation  in  insulin  receptor-overexpressing  NIH-3T3  cells. 

In  the  present  study,  we  demonstrate  the  ability  of  a  physiological 
IGFBP-3  fragment  to  bind  IGF  and  insulin  in  WLB  and  soliRion 
cross-linking.  We  were  able  to  express  this  fragment  in  a 
baculovinis  system  and  to  purify  it.  Due  to  oligomerisation  of 
synthetic  IGFBP-3^'’^  and  possible  conformational  changes  during 
immobilization  of  the  fragment  on  the  nitrocellulose  membrane, 
binding  to  IGF-I  and  insulin  in  WLB  could  only  be  demonstrated 
under  reducing  conditions.  Solution  binding  with  subsequent 
cross-linking  of  the  Ugand  to  the  fragment  under  more 
physiological  conditions,  however,  could  clearly  demonstrate 
binding  of  both  ligands  to  the  fragment.  Die  observation  that  this 
15kDa  IGFBP-3  fragment  can  bind  IGF,  albeit  with  decreased 
affinity,  is  consistent  with  our  previous  studies  of  IGFBP-3 
fragments  in  urine  (20),  but  in  contrast  with  the  report  by  Lalou 
et  al.  (11);  the  failure  of  the  latter  groiqi  to  d^ect  specific  IGF 
binding  probably  reflects  technical  aspects  of  the  methods 
employed,  althou^  we  cannot  rule  out  the  possibility  that  their 
plasmin-gmerated  IGFBP-3  fragment  differs  from  ours. 

Insulin  and  IGF-I  binding  to  a  N-terminal  urinary  IGFBP-3 
fragment  described  above  was  demonstrated  by  WLB  with 
concentrated  urine.  Immunoprecipitation  with  a  monoclonal 
antibody  specific  against  the  N-tenninal  part  of  IGFBP-3  and 
subsequent  affinity  cross-linking  or  WLB  with  “^insulin  or 
“^GF-I  confirmed  these  findings  (data  not  shown).  For  studying 
IGFBP-3  fiagments  from  biological  fluids,  urine  seems  to  be 
suitable,  since  the  number  and  concentration  of  proteins, 
especially  albumin  and  other  IGFBPs,  is  limited  and  the 
concentration  of  the  lGFBP-3  fragments  is  relatively  higji.  Recent 
binding  studies  with  biotinylated  IGF-I  in  WLB  demonstrated  the 
IGF-I  binding  capacity  of  smaller  IGFBP-3  fragments  (17);  this 
method  was  several  times  more  sensitive  than  the  usual  WLB 
with  radiolabeled  ligand.  By  use  of  an  extremely  sensitive  X-ray 
film,  such  as  Biomax  MS,  however,  we  were  able  to  detect 
binding  with  radioligands.  The  affinity  of  the  described  IGFBP-3 
fragment  for  IGF-I,  IGF-II  (data  not  shown)  and  insulin  is  almost 
the  same,  in  contrast  to  intact  IGFBP-3,  which  has  a  much  greater 
affinity  for  IGF  than  for  insulin.  IGFBP-3  proteolysis  results, 
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therefore,  in  a  dramatic  decrease  in  IGF  afilnity,  with  a 
simultaneously  increasing  aflOnity  for  insulin.  Insulin  binding  to 
proteolytic  IGFBP-3  fragments  and  subsequent  inhibition  of 
insulin  receptor  action  could  play  an  important  role  in  the 
microenvironment  of  the  cell,  where,  in  addition  to  IGFBP-3,  a 
variety  of  other  IGFBPs  and  IGF  receptors  compete  for  IGF.  In 
contrast  to  IGFs,  which  are  almost  all  trapped  in  complexes  with 
IGFBPs,  insulin  is  much  more  accessible  for  binding  to  the 
IGFBP-3  fragments.  Whether  the  binding  of  insulin  and 
subsequent  inhibition  of  insulin  action  e]^)lain  the  IGF- 
indq)endent  actions  of  IGFBP-3  and  its  fragments  remains  to  be 
seen  (2,  11).  This  is  unlikely  to  be  the  full  explanation  of  IGFBP- 
3  action,  however,  in  light  of  the  ability  of  IGFBP-3  fragments  to 
inhibit  FGF  (21). 

Bereket  and  coworkers  (15)  reported  the  active  involvement  of 
insulin  in  the  regulation  of  the  IGFBP-3  protease  activity  in 
children  with  DDDM.  They  demonstrated  that  insulin 
administration  during  the  first  weeks  of  IDDM  dramatically 
reduced  serum  proteolysis  of  IGFBP-3.  It  is  also  known  that  under 
conditions  in  w4ich  serum  proteolysis  of  IGFBP-3  is  increased 
(pregnancy,  NIDDM,  postsurgical  catabolism  or  severe  illness), 
insulin  resistance  is  a  cortunon  feature.  How  insulin  itself  is 
involved  in  the  regulation  of  IGFBP-3  proteolysis,  however,  has  to 
be  further  investigated. 
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The  insulin-like  growth  factors  (IGFs)  are  transported 
by  a  family  of  high-afhnity  binding  proteins  (IGFBPs) 
that  protect  IGFs  from  degradation,  limit  their  binding 
to  IGF  receptors,  and  modulate  IGF  actions.  The  six 
classical  IGFBPs  have  been  believed  to  have  no  affinity 
for  insulin.  We  now  demonstrate  that  IGFBP-7/mac25,  a 
newly  identified  member  of  the  IGFBP  superfamily  that 
binds  IGFs  specifically  with  low  affinity  is  a  high-affin¬ 
ity  insulin  binding  protein.  IGFBP-7  blocks  insulin  bind¬ 
ing  to  the  insulin  receptor  and  thereby  inhibiting  the 
earliest  steps  in  insulin  action,  such  as  autophosphoryl¬ 
ation  of  the  insulin  receptor  p  subunit  and  phosphoryl¬ 
ation  of  IRS-1,  indicating  that  IGFBP-7  is  a  functional 
insulin-binding  protein.  The  affinity  of  other  IGFBPs  for 
insulin  can  be  enhanced  by  modifrcations  that  disrupt 
disulfrde  bonds  or  remove  the  conserved  COOH  termi¬ 
nus.  Like  IGFBP-7,  an  NH2-terminal  fragment  of  IG- 
FBP-3  (IGFBP-3^^“®^^),  also  binds  insulin  with  high  affin¬ 
ity  and  blocks  insulin  action.  IGFBPs  with  enhanced 
affinity  for  insulin  might  contribute  to  the  insulin  resist¬ 
ance  of  pregnancy,  type  II  diabetes  mellitus,  and  other 
pathological  conditions. 


Insulin-like  growth  factors  (IGFs)-I^  and  -II  are  structurally 
related  to  insulin,  sharing  approximately  50%  amino  acid  ho¬ 
mology  with  insulin  in  the  A-  and  B-chain  regions  but  retaining 
a  connecting  peptide,  as  well  as  a  carboxyl-terminal  extension 
(1).  The  anabolic  and  mitogenic  actions  of  IGFs  are  mediated 
largely  through  the  type  1  IGF  receptor,  which,  like  the  insulin 
receptor,  is  a  heterotetrameric,  membrane-spanning  tyrosine 
kinase  (2). 

It  has  been  accepted  dogma  that,  unlike  insulin,  the  IGFs 
bind  to  a  family  of  binding  proteins  (IGFBPs)  with  high  affinity 
and  specificity  (3-5).  The  six  well  characterized  IGFBPs  have 
significant  sequence  homology,  including  a  GCGCCXXC  motif 
as  part  of  10-12  conserved  cysteines  at  the  amino  terminus 
and  six  conserved  cysteines  at  the  carboxyl  terminus.  We  have 
recently  characterized  two  additional  secreted  proteins  with 
lower  affinity  for  IGFs  (IGFBP-7/mac25  and  IGFBP-8/CTGF) 


*  This  work  was  supported  by  National  Institutes  of  Health  Grant 

CA58110  (to  R.  G.  R.);  U.  S.  Army  Grant  DAMD  17-96-1-6204  (to  Y.  O.). 
The  costs  of  publication  of  this  article  were  defrayed  in  part  by  the 
payment  of  page  charges.  This  article  must  therefore  be  hereby  marked 
‘'advertisement  in  accordance  with  18  U.S.C.  Section  1734  solely  to 
indicate  this  fact. 

t  Present  address:  Dept,  of  Pediatrics,  Okayama  University  Medical 
School,  2-5-1  shikata-cho,  Okayama  700,  Japan. 

§  To  whom  correspondence  should  be  addressed:  Dept,  of  Pediatrics, 
School  of  Medicine,  Oregon  Health  Sciences  University,  3181  S.  W.  Sam 
Jackson  Park  Rd.,  NRC5,  Portland,  OR  97201.  Tel.:  503-494-1930;  Fax: 
503-494-1933;  E-mail:  ohy@ohsu.edu. 

^  The  abbreviations  used  are:  IGFj  insulin-like  growth  factor;  IGFBP, 
IGF  binding  protein;  IRS-1,  insulin  receptor  substrate-1;  PA(1E,  poly¬ 
acrylamide  gel  electrophoresis;  m.o.i.,  . multiplicity  of  infection;  WLB, 
Western  ligand  blot;  DTT,  dithiothreitol. 


and  two  additional  potential  members  of  the  IGFBP  superfam¬ 
ily  (6-9).  The  structure  of  IGFBP-7  revealed  the  presence  of 
amino-terminal  conserved  sequences,  including  11  cysteines, 
but  lower  sequence  homology  in  the  normally  well-conserved 
COOH  terminus.  IGFBPs  1-6  are  believed  to  function  as  car¬ 
rier  proteins  for  IGFs,  delaying  degradation  of  IGF  peptides 
and  increasing  their  half-lives  and  inhibiting  IGF  access  to 
receptors  (10-14). 

Proteolysis  of  IGFBPs,  as  observed  during  pregnancy,  re¬ 
sults  in  IGFBP  fragments  with  decreased  affinity  for  IGFs  and, 
thereby,  promotes  enhanced  access  of  IGFs  to  their  receptors 
(15,  16).  Recent  studies  have  demonstrated  that  several  of 
these  IGFBPs,  especially  IGFBP-3,  may  also  be  capable  of 
directly  inhibiting  cell  growth  in  an  IGF-independent  manner 
(17-23).  Both  intact  IGFBP-3  and  IGFBP-3  proteolytic  frag¬ 
ments  have  been  shown  to  be  capable  of  blocking  the  mitogenic 
effect  of  insulin  (24, 25).  Whether  these  effects  reflect  inhibition 
of  insulin  signaling  pathways  or  a  direct  effect  of  IGFBP-3  and 
its  fragments  on  cell  growth  remains  unclear. 

We  have,  therefore,  reevaluated  the  ability  of  IGFBPs  1-6, 
IGFBP-7,  and  IGFBP-3  proteolytic  fragments  to  bind  insulin 
and  have  demonstrated  that  IGPBP-7  and  NHg-terminal  frag¬ 
ment  of  IGFBP-3  (IGFBP-3^^“®^^)  not  only  bind  insulin  specif¬ 
ically  but  also  modulate  insulin  binding  to  its  receptor  and 
subsequently  inhibiting  insulin-stimulated  autophosphoryla¬ 
tion  of  the  insulin  receptor  /3  subunit  and  phosphorylation  of 
IRS-1. 

EXPERIMENTAL  PROCEDURES 

Materials ^High  performance  liquid  chromatography-purified  hlG- 
FBP-1  from  human  amniotic  fluid  was  kindly  provided  by  Dr.  D.  R. 
Powell  (Baylor  College  of  Medicine,  Houston,  TX)  (26).  Recombinant 
human  IGFBP-3  (rhIGFBP-3),  a  nonglycosylated  29  kDa  core  protein 
expressed  in  Escherichia  coli  cells,  was  the  generous  gift  of  Celtrix,  Inc. 
(Santa  Clara,  CA)  (27).  Recombinant  human  IGFBP-2,  -4,  -5,  and  -6 
were  purchased  from  Austral  Biologicals  (San  Ramon,  CA).  The  cDNA 
for  IGFBP-7  (mac25)  was  cloned,  and  baculovirus  recombinants  were 
made  as  described  in  (7).  IGF-I  was  purchased  from  Bachem  California 
(Torrance,  CA).  IGF-II  was  kindly  provided  by  Lilly.  Bovine  insulin  was 
purchased  from  Sigma.  [(Gin®,  Ala'^,  Thr^®,  Leu^®,  Leu^'^]  IGF-II  ([QAY- 
LLIIGF-II),  a  synthetic  IGF-II  analog,  was  synthesized  as  described 
previously  (28).  Human  placentas  were  stripped  of  their  membranes, 
washed  in  0.25  M  sucrose,  and  homogenized  with  a  polytron  (29).  Crude 
microsomal  membrane  preparations  were  obtained  via  differential  cen¬ 
trifugation  (30).  Anti-phosphotyrosine  monoclonal  antibody  (4G10)  was 
a  generous  gift  from  Dr.  B.  J.  Druker  (Dept,  of  Hematology  and  Medical 
Oncology,  Oregon  Health  Sciences  University).  ^^^L(A14)-monoiodi- 
nated  insulin  was  purchased  from  Amersham  Corp.  ^^^I-labeled  growth 
hormone  and  ^^®I-prolactin  were  kindly  provided  by  DSL  (Webster,  TX). 
Na^^^l  Was  obtained  from  Amersham  Corp.  lodination  was  performed 
by  a  modification  of  the  chlpramine-T  technique  to  specific  activities  of 
350-500  jaCi/jLtg  for  IGF-I  and  -11.  Reagents  used  for  SDS-polyacryl- 
amide  gel  electrophoresis  (PAGE)  were  purchased  from  Bio-Rad  Labo¬ 
ratories  (Richmond,  CA). 

Cell  CuZfure  — NIH-3T3  cells  overexpressing  the  human  insulin  re¬ 
ceptor  were  kindly  gifted  from  Dr.  C.  T.  Roberts,  Jr.  (Dept,  of  Pediatrics, 
Oregon  Health  Sciences  University)  and  grown  in  Dulbecco’s  modified 
Eagle's  medium  +  10%  fetal  calf  serum  +  500  p.g/ml  geneticin  at  37  °C 
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Fig.  1.  Affinity  cross-linking  of  IGFBP  with  '^®I-insulin  or  *^•'^1- 
IGFs.  A,  2-200  pmol  of  IGFBP-7  were  incubated  with  ^^"l-insulin 
(20,000  cpm)  for  16  h  at  4  ®C.  At  the  end  of  incubation,  disuccinimidyl 
suberate  was  added  to  a  final  concentration  of  0,5  mM.  After  cross- 
linking  for  15  min  at  4  °C,  the  samples  were  subjected  to  12%  SDS- 
PAGE  and  autoradiography.  IGFBPs  1-7,  at  the  concentrations 
indicated  in  the  figure,  were  incubated  with  a  mixture  ^‘^'"’I-IGF-I 
(10,000  cpm)  and  (10,000  cpm)  (top),  or  ^^''l-insulin  (20,000 

cpm)  (bottom)  and  cross-linked  as  in  Fig.  L4. 


with  5%  COg.  High  Five  cells  were  maintained  in  ExCell  405  Media 
(JRH  Biosciences,  Lenexa,  KS)  at  27  °C.  The  wild-type  baculovirus 
(AcNPv)  was  obtained  from  Invitrogen  Inc.  (Carlsbad,  CA).  All  tissue 
culture  media  and  components  were  purchased  from  Life  Technologies, 
Inc. 

Affinity  Cross-linking -kWcpxois  of  reagents  plus  binding  buffer  (50 
mM  TriS"HCl,  pH  7.4)  were  incubated  with  ^^^T-insulin  (20,000  cpm), 
i25j_igf.I  (20,000  cpm),  or  ^^®I-IGF-II  (20,000  cpm)  with  or  without 
indicated  reagents,  at  the  concentrations  indicated  under  “Results”  and 
in  Figs.  1-3  for  16  h  at  4  °C.  At  the  end  of  incubation,  the  cross-linking 
reagent  disuccinimidyl  suberate  (Pierce)  was  added  to  a  final  concen¬ 
tration  of  0.5  mM.  After  cross-linking  for  15  min,  the  samples  were 
subjected  to  12%  SDS-PAGE  and  autoradiography.  Bands  were  quan¬ 
tified  by  densitometry,  as  calculated  by  a  densitometer  (Bio-Rad). 

Generation  and  Purification  of  Recombinant  lGFBP-3^ -  VoXym- 
erase  chain  reaction  was  used  to  add  a  FLAG  epitope  sequence  (DYK- 
DDDDK)  and  a  new  stop  codon  immediately  following  amino  acid  87  of 
the  mature  IGFBP-3.  After  sequencing,  this  fragment  was  subcloned 
into  the  baculovirus  expression  vector  pFASTBACl  (Life  Technologies, 
Inc.)  and  transfected  into  Sf9  insect  cells,  and  viral  recombinants  were 
identified  by  immunoblotting  with  the  anti-FLAG  M2  antibody  (East¬ 
man  Kodak,  New  Haven,  CT).  Recombinant  protein  was  purified  from 
the  media  of  High  Five  cells  after  infecting  at  an  m.o.i.  =  3  for  3  days  at 
27  ®C.  The  media  was  collected,  and  the  protein  was  purified  over 
anti-FLAG  M2  affinity  beads  according  to  the  manufacturer  protocol  by 
elution  with  the  FLAG  peptide.  The  purified  protein  was  subjected  to 
SDS-PAGE  in  a  15%  gel  and  stained  with  Coomassie  Blue  or  trans¬ 
ferred  to  nitrocellulose  for  immunodetection.  Protein  fractions  were 
pooled,  concentrated,  and  quantitated  by  comparison  with  known 
amounts  of  BSA  by  silver  staining  (Bio-Rad).  Immunoblotting  using  the 
enhanced  chemiluminescence  (ECL)  detection  technique  was  performed 
as  described  in  Wilson  et  al.  (31)  using  a  1:3000  dilution  of  anti-FLAG 
M2  antibody  and  incubating  for  16  h  at  4  °C  and  then  in  a  1:3000 
dilution  of  anti-mouse  IgG  horseradish  peroxidase  (Amersham  Corp.) 
for  1  h  at  room  temperature. 

Western  Ligand  Blot  Ana/ysj.s  -  Ligand  blotting  was  performed  as 
described  in  Hossenlopp  et  al.  (32)  with  minor  modifications.  Briefly, 
IGFBP-1,  IGFBP-3,  IGFBP-3<^-®'^\  and  IGFBP-7  at  the  concentrations 
indicated  in  the  text  and  figures  in  SDS  sample  buffer  (62.5  mM  Tris- 
HCl,  pH  6.8,  40%  glycerol,  and  2.3%  SDS)  with  or  without  100  mM 
dithiothreitol  (DTT)  were  analyzed  by  SDS-PAGE  (12  or  15%).  Sepa¬ 
rated  proteins  were  electroblotted  onto  nitrocellulose  filters,  which  were 
incubated  overnight  with  1.5  x  10^  cpm  of  ^^•'^I-insulin  or  a  mixture  of 
^^^I-IGF-I  and  ^^^1-IGF-II,  washed,  dried,  and  exposed  to  film  (Biomax; 
Eastman  Kodak). 


^  ^ 


^  ^  ^ 


^  ^ 
A,  ^  ^ 

/4  a 


Fig.  2.  Specificity  of  IGFBP  binding  to  ^“°I-insulin.  Autoradio¬ 
gram  of  ^^''T-insulin  (A),  ^^"’I-prolactin  (S),  and  ^^'''l-labeled  p-owth  hor¬ 
mone  (C)  cross-linked  to  20  pmol  of  IGFBP-1,  -3,  or  -7,  as  in  Fig.  1. 


Insulin  Receptor  Binding  Assay-20,000  cpm  of  ^^^’I-insulin  were 
preincubated  for  2  h  at  4  ®C  with  unlabeled  IGFBP-3,  IGFBP-7,  and 
insulin  at  concentrations  indicated  in  the  figure  and  then  incubated 
with  50  fjLg  of  microsomal  placental  crude  membranes  in  500  fA  of 
binding  buffer  (50  mM  Tris-HCl,  0.5%  BSA,  pH  7.4)  for  16  h  at  4  ‘’C. 
Samples  were  centrifuged  at  10,000  x  g  for  10  min  at  4  °C.  After 
samples  were  centrifuged,  pellets  were  counted  in  a  y-counter. 

Tyrosine  Phosphorylation  Assay  — Confluent  NIH-3T3  cells  stably 
transfected  with  the  human  insulin  receptor  cDNA  were  exposed  for  3 
min  to  100  ng/ml  insulin,  which  had  been  preincubated  with  IGFBP-3, 
IGFBP-3^ or  IGFBP-7  for  2  h  at  4  ®C.  The  reaction  was  quenched  by 
solubilization  buffer  (1%  Nonidet  P-40,  20  mM  Tris-HCl,  pH  8.0,  1  mM 
EDTA,  150  mM  NaCl,  10%  glycerol,  12  units/ml  aprotinin,  1  mM  phenyl- 
methyl  sulfonyl  fluoride,  and  1  mM  Na;jV04).  Solubilized  proteins  were 
separated  by  SDS-PAGE  (8%)  and  visualized  by  immunoblot  analysis. 
For  immunoblot  analysis,  the  filters  were  blocked  in  TBS-T  containing 
5%  non-fat  dry  milk  for  1  h  at  room  temperature  and  then  incubated 
with  anti-phosphotyrosine  monoclonal  antibody  (1.5  /itg/ml)  diluted  by 
Tris-buffered  saline  +  0.1%  Triton  X-100  overnight  at  4  '’C.  The  filters 
were  then  rinsed  and  incubated  in  a  1:3000  dilution  of  goat  anti- mouse 
IgG-conjugated  horseradish  peroxidase  (Amersham  Corp.)  for  1  h  at 
room  temperature.  Immunoreactive  proteins  were  visualized  using  the 
ECL  detection  system.  Alternatively,  solubilized  proteins  were  immu- 
noprecipitated  with  anti-IRS-1  antibody  (Upstate  Biotechnology,  Lake 
Placid,  NY)  and  were  subjected  to  immunoblot  using  an ti-phospho ty¬ 
rosine  antibody  as  above.  In  parallel,  solubilized  proteins  were  sub¬ 
jected  to  immunoblot  using  anti-IRS-1  antibody. 

Statistical  Analysis  —  Data  were  analyzed  with  a  two-tailed  Student’s 
/-test,  using  the  software  program  Instat  2.01  (Graphpad,  San  Diego, 
CA).  Values  are  expressed  as  means  ±  S.D. 

RESULTS 

Affinity  Cross-linking  of  IGFBPs  1—7— To  evaluate  the  affin¬ 
ity  of  IGFBPs  1-7  for  IGFs  and  insulin,  the  affinity  cross- 
linking  was  performed  with  ^^'’I-IGF-I  +  ^^^I-IGF-II  or 
insulin.  Affinity  cross-linking  of  IGFBP-7  with  ^^^I-insulin 
shows  that  IGFBP-7  binds  insulin  in  a  dose-dependent  manner 
(Fig.  LA).  As  shown  in  Fig.  IB,  top  panel,  the  expected  sizes  of 
individual  IGFBPs  coupled  to  7  kDa  ^^'^I-IGF-I  or  ^^^'^I-IGF-II 
were  detected  on  the  SDS-PAGE  gel.  In  a  similar  way,  Fig.  IB, 
bottom  panel,  showed  ^^^l-insulin  bound  to  IGFBPs  1-7  with 
proper  size  of  bands.  This  data  demonstrates  that  IGFBPs  1-6 
also  bind  insulin  but  with  significantly  reduced  affinity  com¬ 
pared  with  their  affinities  for  IGFs.  In  contrast,  the  ratio  of 
insulimlGF  binding  for  IGFBP-7  was  approximately  500-fold 
higher  than  for  IGFBPs  1-6  by  densitometric  analysis. 

To  establish  the  specificity  of  IGFBP  binding  to  insulin,  we 
attempted  to  cross-link  IGFBP-1,  -3,  and  -7  with  ^^'^I-prolactin 
(Fig.  2B)  and  ^^^I-growth  hormone  (Fig.  2C),  as  well  as  with 
^^‘^I-insulin  (Fig.  2A).  Although  these  IGFBPs  failed  to  bind  the 
other  proteins,  binding  of  ^^®I-insulin  was  confirmed.  Further¬ 
more,  analysis  of  competitive  affinity  cross-linking  revealed 
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that  the  relative  affinities  of  IGFBP-7  are:  insulin  >  IGFs  >: 
IQAYLL]  IGF-II  (an  IGF>II  analog  whose  affinity  for  IGFBPs 
1-6  is  normally  100-fold  less  than  that  of  native  IGF-II).  In 
contrast,  affinities  for  IGFBP-3  are:  IGFs  :»  insulin  > 
[QAYLL]  IGF-II  (Fig.  3,  A  and  B).  The  binding  of  IGFBP-3  or  -7 
to  ^^®I-IGFs  or  ^^^I-insulin  was  competitively  displaced  by  both 
IGFs  and  insulin,  suggesting  that  the  insulin  binding  site  may 
be  at,  or  near,  the  IGF  binding  site.  IGFBP-7  was  found  to  have 
similar  affinity  for  IGFs  and  insulin  (IC50  =  20-34  nn).  Previ¬ 
ous  studies  have  suggested  that  IGF  binding  sites  reside  on 
both  the  NH2-  and  COOH-terminal  regions  of  the  IGFBP-3 
molecule;  each  binding  site  is  individually  capable  of  low-affin¬ 
ity  binding,  whereas  high-affinity  binding  of  IGFs  requires  the 
presence  of  both  binding  domains.  Taken  together,  our  data 
suggest  that  the  low  affinity  of  IGFBP-7  for  IGFs  and  the 
relatively  high  affinity  for  insulin,  compared  with  those  of 
IGFBPs  1-6,  can  be  attributed  to  the  lack  of  conserved  amino 
acid  sequence  and  cysteines  at  the  COOH  terminus  of  IGFBP-7 
(only  1  of  the  6  cysteines  is  conserved)  although  IGFBP-7 
retains  11  of  the  12  cysteines  found  in  the  IGFBPs  at  the  NH2 
terminus.  High-affinity  binding  of  IGFBPs  to  IGFs  thus  ap¬ 


pears  to  require  proper  structural  configuration  involving  both 
NH2-  and  COOH-terminal  ligand-binding  domains. 

Reduction  or  Fragmentation  of  IGFBPs  Enhances  the  Affin¬ 
ity  for  Ms wZin— Insulin  binding  to  IGFBPs  can  be  further  dem¬ 
onstrated  by  use  of  WLB.  It  appears  that  insulin  binding  to 
IGFBPs  is  much  less  effective  in  WLBs,  especially  in  the  ab¬ 
sence  of  DTT  compared  with  that  seen  in  solution  binding,  as 
assessed  by  affinity  cross-linking  (Fig.  1).  This  presumably 
reflects  changes  in  the  tertiary  structure  of  IGFBPs  during 
SDS-PAGE.  However,  WLB  demonstrated  that  reduction  of 
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DTT  (+)  DTT  (-) 

I  I  I - 1 

IGFBP-7  30  100  300  30  100  300  (pmol) 
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+  IGF-I  (ng)  +  insulin  (ng) 
30  100  300  30  100  300 
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12s  +  [QAYLL] 
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IGFBP-3 
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Fig.  3.  Competitive  affinity  cross-linking  of  IGFBP-7  and  -3.  A, 

^^^I-insulin  was  cross-linked  to  20  pmol  of  IGFBP-7  {top)  or  IGFBP-3 
{bottom)  alone  or  in  the  presence  of  unlabeled  IGF-I  or  insulin.  B, 
^^®I-IGF-II  was  cross-linked  to  20  pmol  of  IGFBP-7  {top)  or  1  pmol  of 
IGFBP-3  {bottom)  alone  or  in  the  presence  of  unlabeled  IGF-II, 
[QAYLL]  IGF-II,  or  insulin.  Cross-linking  was  performed  as  in  Fig.  1. 


Fig.  4.  Western  ligand  blot  of  IGFBP-1,  -3,  and  -7.  IGFBP-1,  -3, 
and  -7  at  the  concentrations  indicated  in  the  figures  with  or  without  100 
mM  DTT  were  processed  by  SDS-PAGE.  A,  12%;  B  and  C,  15%. 


A 

Immunoblot 
(anti-Mi  antibody) 


B 

WLB  ( ^^*I-insulin) 


DTT  (-)  (+)  (.) 


c 

WLB  (^^I-IGFs) 


DTT(-) 


Fig.  5.  Characterization  of  IGFBP-3'‘-®’’.  A,  the  purified  FLAG-tagged  IGFBP-3'’-®''>  was  subjected  to  SDS-PAGE  (15%)  and  then  to 
immunoblot  with  anti-M2  antibody.  IGFBP-3  and  IGFBP-3''-®’'  were  subjected  to  SDS-PAGE  with  or  without  DTT,  and  electroblotted  onto  filters, 
which  were  incubated  with  ^^^I-insulin  (B)  or  ^^®I-IGFs  (C). 
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Fig.  6,  Schematic  representation  of 
IGFBP  binding  to  insulin  and  IGFs. 

[1],  the  conserved  NH2-terminal  and 
COOH-terminal  sequences  and  the  ap¬ 
propriate  ternary  structures  formed  by  di¬ 
sulfide  bonds  result  in  high  affinity  for 
IGFs  but  low  affinity  for  insulin  in  IG¬ 
FBPs  1-6,  [2],  IGFBP-7  lacks  the  ternary 
structure  necessary  for  high  affinity  IGF 
binding  but  can  still  bind  insulin;  reduc¬ 
tion  of  disulfide  bridges  produces  a  struc¬ 
ture  that  is  further  conducive  to  insulin 
binding.  [5,  4],  when  IGFBPs  1-6  are  ei¬ 
ther  reduced  or  fragmented,  the  insulin 
binding  site  at  the  NHg  terminus  of  the 
IGFBP  molecule  is  exposed,  resulting  in 
increased  affinity  for  insulin  and  dimin¬ 
ished  affinity  for  IGFs. 


insulin  Affinity  f  insulin  Affinity 

Affinity;  IGF  Affinity; 


IGFBPs  “1,  -3,  and  -7  with  DTT  resulted  in  a  marked  decrease 
in  affinity  for  IGF  but  increased  affinity  for  insulin  (Fig.  4). 
These  data  indicate  that  disulfide  bonds  and  the  tertiary  struc¬ 
ture  of  IGFBP  molecules  are,  at  least  in  part,  responsible  for 
the  relatively  low  affinity  for  insulin  and  high  affinity  for 
IGF.  To  further  test  this  hypothesis,  we  expressed  human 
IGFBP“3^^"®^^  in  a  baculovirus  system,  which  was  epitope-tagged 
with  the  FLAG  sequence  at  the  COOH  end  (Fig.  5A).  While  the 
affinity  for  IGF  was  greatly  diminished  in  IGFBP-3^^”®^\  the 
affinity  for  insulin  was  significantly  increased  in  IGFBP-3^^“®^\ 
compared  with  that  of  intact  IGFBP-3  (Fig.  5,  B  and  C).  Reduc¬ 
tion  of  IGFBP-3^ with  DTT  resulted  in  a  modest  increase  in 
affinity  for  insulin,  suggesting  that  disulfide  bonds  within  the 
IGFBP-3^^“®^^  fragment  still  limit,  at  least  in  part,  the  binding 
affinity  for  insulin.  These  results  suggest  that  disulfide  bonds 
between  the  NH2  and  COOH  termini  result  in  a  temaiy  struc¬ 
ture  for  the  IGFBPs  that  confers  high  affinity  for  IGFs.  To  en¬ 
hance  the  affinity  for  insulin,  the  IGFBP-3  molecule  must  be 
modified  by  either  disrupting  the  ternary  structure  (under  reduc¬ 
ing  conditions)  or  by  eliminating  or  modifying  the  COOH-termi¬ 
nal  domain  (IGFBP-3^^"®^^  or  IGFBP-7).  A  schematic  model  is 
depicted  in  Fig.  6. 

IGFBP-7  and  IGFBP-3^~^^  Modulate  Insulin  Binding  to  Its 
Receptor  and  Inhibit  Insulin  Action— next  investigated  the 
biological  relevance  of  IGFBP-7  binding  to  insulin.  Insulin  re¬ 
ceptor  binding  assays  were  performed  using  ^^'"I-insulin  and 
crude  human  placental  microsomal  membranes  in  the  presence 
or  absence  of  unlabeled  insulin,  IGFBP-3,  or  IGFBP-7.  IG- 
FBP-3,  at  concentrations  as  high  as  300  pmol,  did  not  block 
insulin  binding.  The  specific  binding  of  ^^^I-insulin  to  human 
placental  insulin  receptors  was  inhibited,  however,  by  IGFBP-7 
(60%  by  100  pmol,  and  90%  by  300  pmol)  (Fig.  7),  indicating 
that  IGFBP-7  can  compete  with  insulin  receptors  for  binding  of 
insulin.  Inhibition  of  insulin  binding  to  placental  membranes 
by  IGFBP-7  was  further  confirmed  by  affinity  cross-linking 
studies  (data  not  shown).  Thus,  100-300  pmol  of  IGFBP-7,  but 
not  IGFBP-3,  inhibit  insulin  binding  to  placental  membranes. 
This  discrepancy  between  IGFBP-3  and  IGFBP-7  action  pre¬ 
sumably  reflects  the  higher  affinity  of  the  latter  protein  for 
insulin,  as  suggested  in  Fig.  1.  Although  care  must  be  exercised 
in  estimating  affinities  from  cross-linking  experiments,  it  ap¬ 
pears  likely  that  IGFBP-7  binds  insulin  more  effectively  than 
does  IGFBP-3  although  with  lower  affinity  than  that  exhibited 


(%  of  control) 
•3  140  -] 


Fig.  7.  Insulin  receptor  binding.  20,000  cpm  of  '^'"’I-insulin  were 
preincubated  for  2  h  at  4  °C  with  unlabeled  IGFBP-3,  IGFBP-7,  and 
insulin  at  concentrations  indicated  in  the  figure  and  then  incubated 
with  50  jtrg  of  microsomal  placental  crude  membranes  for  16  h  at  4  ®C. 
After  samples  were  centrifuged,  pellets  were  counted  in  a  7-counter. 
Data  corresponding  to  means  ±  S.D.  for  three  independent  experiments 
are  shown. 

by  the  insulin  receptor. 

The  effect  of  IGFBPs  on  insulin  receptor  signaling  pathways, 
such  as  receptor  autophosphorylation  and  IRS-1  phosphoryla¬ 
tion,  was  tested.  IGFBP-3^^'®'^^  and  IGFBP-7  blunted  insulin- 
stimulated  autophosphorylation  of  the  insulin  receptor  /3  sub¬ 
unit  in  a  dose-dependent  manner,  with  55  and  80%  inhibition 
at  concentrations  of  100  pmol  of  IGFBP-3^ or  IGFBP-7, 
respectively  (Fig.  8A).  IGFBP-3  was  ineffective  at  these  con¬ 
centrations,  as  predicted  by  the  inability  of  IGFBP-3  to  inhibit 
insulin  binding  to  placental  membranes.  Similarly,  the  insulin- 
stimulated  phosphorylation  of  IRS-1  was  inhibited  65  and  85% 
by  100  pmol  of  IGFBP-3^^”®'^^  or  IGFBP-7,  respectively  (Fig. 
8B).  These  differences  did  not  reflect  reduced  concentrations  of 
IRS-1  among  samples  tested,  as  demonstrated  by  IRS-1  immu- 
noblots.  Taken  together,  our  data  demonstrate  that  IGFBP-7 
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Fig.  8.  Tyrosine  phosphorylation  assay.  A,  confluent  NIH-3T3  cells  stably  transfected  with  the  human  insulin  receptor  cDNA  were  exposed 
for  3  min  to  100  ng/ml  insulin,  which  had  been  preincubated  with  IGFBP-3,  IGFBP-3^^~®’\  or  IGFBP-7  for  2  h  at  4  °C.  After  quenching,  solubilized 
proteins  were  separated  by  SDS-PAGE  (8%)  and  visualized  by  immunoblot  analysis  using  an  anti-phosphotyrosine  monoclonal  antibody.  B, 
alternatively,  solubilized  proteins  were  immunoprecipitated  with  anti-IRS-1  antibody  and  were  subjected  to  immunoblot  using  anti-phosphoty¬ 
rosine  antibody.  In  parallel,  solubilized  proteins  were  subjected  to  immunoblot  using  anti-IRS-1  antibody.  Data  corresponding  to  means  ±  S.D.  for 
three  independent  experiments  are  shown  and  are  depicted  relative  to  maximum  stimulation  (100  ng/ml  insulin),  which  was  assigned  a  value  of 
100%. 


and  IGFBP-3^^“®^^  have  the  ability  to  bind  insulin  and  subse¬ 
quently  inhibit  insulin  binding  to  the  insulin  receptor,  result¬ 
ing  in  the  inhibition  of  insulin-stimulated  autophosphorylation 
of  the  insulin  receptor  /3  subunit  and  phosphorylation  of  IRS- 1. 

DISCUSSION 

Current  dogma  proposes  that  a  major  difference  between 
insulin  and  IGFs  is  that  only  IGFs  have  the  ability  to  bind 
IGFBPs  1-6  with  high  affinity.  In  addition,  we  recently  have 
shown  that  IGFBP-7  also  binds  both  IGF-I  and  IGF-II  but  with 
at  least  5-25-fold  lower  affinity  than  do  the  other  IGFBPs. 
However,  it  has  been  shown  that  several  IGFBPs  may  play 
roles  in  regulating  insulin  action.  IGFBP-1  production  is  sup¬ 
pressed  by  insulin  and  carbohydrate  and  stimulated  by  hypo¬ 
glycemia,  suggesting  that  IGFBP-1  might  play  a  counterregu- 
latory  role  in  glucose  homeostasis.  Proteolyzed  IGFBP-3 
fragments,  but  not  intact  IGFBP-3,  inhibited  the  mitogenic 
effect  of  insulin,  suggesting  that  proteolyzed  IGFBP-3  frag¬ 
ments  may  have  the  ability  to  regulate  insulin  signaling  path¬ 
ways,  despite  having  significantly  reduced  affinity  for  IGFs.  In 
the  present  studies,  we  have  tested  the  ability  of  IGFBPs  to 
bind  insulin  and  regulate  insulin  action.  We  demonstrate  that 
IGFBPs  have  the  ability  to  bind  insulin,  and  that  fragmented 
IGFBP-3  has  increased  affinity  for  insulin,  resulting  in  the 
inhibition  of  insulin  action.  Our  further  studies  have  revealed 
that  IGFBP-3  fragments,  either  generated  by  plasmin  diges¬ 
tion  or  present  in  normal  human  urine,  bind  insulin  with 
relatively  high  affinity,  supporting  the  physiological  relevance 
of  IGFBP-3  fragments  on  insulin  action.^ 

Thus,  recent  studies  have  demonstrated  that  the  current 
view  of  IGFBPs  must  be  modified  by  the  following  observa¬ 
tions:  1)  IGFBP  proteolysis  results  in  peptide  fragments  with 
decreased  affinity  for  IGFs  (15,  16);  2)  additional  related  pro¬ 
teins  with  low  affinity  for  IGFs  indicate  the  existence  of  an 
IGFBP  superfamily  (7,  9);  3)  IGFBPs  can  bind  insulin,  as  well 
as  IGFs,  and  the  affinity  for  insulin  can  be  increased  by  mod- 


^  P.  Vorwerk,  Y.  Yamanaka,  G.  Spagnoli,  Y.  Oh,  and  R.  G.  Rosenfeld, 
submitted  for  publication. 


ification  of  the  protein  by  reduction  of  disulfide  bonds  or  pro¬ 
teolysis  of  the  protein;  and  4)  IGFBPs  can,  under  certain  con¬ 
ditions,  inhibit  insulin  binding  to  its  receptor  and  reduce  the 
resulting  stimulation  of  receptor  and  IRS-1  phosphorylation. 

Immunoblot  studies  with  antibodies  specific  for  IGFBP-7 
have  demonstrated  the  presence  of  the  mature  protein  in  the 
conditioned  media  of  a  number  of  cell  lines,  as  well  as  in 
cerebrospinal  fluid,  urine,  amniotic  fluid,  and  serum  (31). 
Quantitative  studies  await  the  development  of  radioimmuno¬ 
assays.  Proteolytic  fragments  of  IGFBP-3,  as  well  as  other 
IGFBPs,  were  originally  identified  in  pregnancy  serum  but 
subsequently  have  been  found  in  a  wide  variety  of  clinical 
conditions,  including  critically  ill  patients,  patients  with  cata¬ 
bolic  disease,  diabetes  mellitus,  or  noninsulin-dependent  dia¬ 
betes  mellitus  (15,  16,  33-38).  Many  of  these  diseases  are 
characterized  by  insulin  resistance  of  varying  degrees,  as 
measured  by  decreased  insulin  receptor  t3rrosine  kinase  activ¬ 
ity  and  defective  insulin  receptor  signaling  (39-42).  It  is 
tempting  to  speculate  that  this  insulin  resistance  might  reflect 
increased  concentrations  of  IGFBP-3  fragments  or  IGFBPs 
with  enhanced  affinity  for  insulin,  such  as  IGFBP-7.  These 
proteins  may  compete  with  insulin  receptors  for  peptide  bind¬ 
ing,  much  as  IGFBPs  sequester  IGF  peptides  from  IGF  recep¬ 
tors.  These  observations  thus  support  a  novel  model  for  the 
interactions  of  the  IGF  and  insulin  pathways  and  suggest  a 
potential  new  approach  to  our  understanding  of  the  pathophys¬ 
iology  of  insulin  resistance. 
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ABSTRACT 

Insulin-like  growth  factor  (IGF)-binding  protein-3  (IGFBP-3),  the 
predominant  IGF  carrier  protein  in  circulation,  is  posttranslationally 
modified  in  vivo  by  IGFBP-3  protease(s)  into  a  number  of  fragments. 
Based  on  the  ascertained  and  predicted  recognition  sites  for  known 
IGFBP-3  proteases,  FLAG-epitope  tagged  intact  IGFBP-3,  NH2- 
terminal  intermediate  fragment  and  COOH-terminal 

firagments  ^nd  generated  in  a  baculovirus  and/or 

Escherichia  coli  expression  system  and  examined,  by  Western  ligand 
blot  and  affinity  cross-linking  assays,  for  their  ability  to  bind  IGF  and 
insulin.  The  NH2-  and  COOH-terminal  fragments  bound  both  IGF 
and  insulin  specifically  (albeit  with  significantly  reduced  affinity)  for 
IGF  but  higher  affinity  for  insulin,  when  compared  with  intact  IG¬ 
FBP-3.  The  effect  of  IGFBP-3  and  the  fragments  on  IGF-I  receptor 


(IGFIR)  signaling  pathways  was  studied  by  testing  IGF-I-induced 
receptor  autophosphorylation  in  IGFIR-overexpressing  NIH-3T3 
cells.  IGFBP-3  showed  a  dose-dependent  inhibition  of  autophosphor¬ 
ylation  of  the  l3-subunit  of  IGFIR.  The  NHa-terminal  fragment 
inhibited  IGFIR  autophosphoryiation  at  high  concentrations,  and  this 
effect  seems  largely  attributable  to  sequestration  of  IGF-I.  In  con¬ 
trast,  no  inhibition  of  IGF-I-induced  IGFIR  autophosphoryiation  was 
detectable  with  the  a84-264)  COOH-terminal  fragments, 

despite  their  ability  to  bind  IGF.  However,  unlike  the  ^^“®’^NH2-ter- 
minal  fragment,  the  COOH-terminal  fragments  of  IGFBP-3  retained 
their  ability  to  associate  with  the  cell  surface,  and  this  binding  was 
competed  by  heparin,  similar  to  intact  IGFBP-3.  {Endocrinology  141: 
4171-4179,  2000) 


The  INSULIN-LIKE  GROWTH  factors  (IGF)-I  and  -II 
play  an  active  role  in  cell  proliferation  and  exist  in 
association  with  distinct  and  specific  IGF-binding  proteins 
designated  as  IGFBPs  1-6  (1)  and  possibly  IGFBP-related 
proteins  (IGFBP-rPs)  (2).  IGFBP-3,  the  major  IGFBP  in  adult 
serum,  binds  both  IGFs  with  high  affinity  and  specificity,  and 
it  serves  as  a  carrier  of  IGFs,  prolonging  their  half  lives,  as 
well  as  modulating  their  proliferative  and  anabolic  effects  on 
target  cells  by  regulating  IGF  bioavailability.  Exogenous 
IGFBP-3  has  also  been  demonstrated  to  significantly  inhibit 
the  growth  of  various  cells,  including  Hs578T  estrogen  re¬ 
ceptor-negative  human  breast  cancer  cells  (3).  Decreased  cell 
growth  was  observed  when  human  IGFBP-3  complementary 
DNA  (cDNA)  was  transfected  into  mouse  Balb/c  fibroblast 
cells  (4)  and  into  fibroblast  cells  derived  from  mouse  embryos 
homozygous  for  a  targeted  disruption  of  the  type  I  IGF 
receptor  gene  (5).  The  mechanism  of  this  inhibition  seems  to 
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be  both  IGF-independent  and  IGF  receptor-independent 
and  is  mediated,  presumably,  through  binding  to  specific 
IGFBP-3  receptors  (6-8). 

IGFBP-3  may  be  posttranslationally  modified  by  IGFBP-3 
protease(s)  present  in  biological  fluids  or  culture  media  (plas- 
min,  prostate-specific  antigen  (PSA),  matrix  metallopro- 
teases)  (9)  and  those  whose  activity  has  been  demonstrated 
only  in  vitro  like  that  of  stromelysin  3,  thrombin  (10).  Serum 
IGFBP  proteases(s)  have  been  detected  in  diabetes  (11, 12), 
renal  (13),  pregnancy  (14),  malignancy  (15, 16),  and  following 
traumatic  conditions  or  invasive  procedures,  such  as  sur¬ 
gery.  Cleavage  sites  in  IGFBP-3  have  been  located  at  the 
beginning  of  the  variable  domain  (residues  95-98),  particu¬ 
larly  residue  97,  which  is  the  cleavage  site  for  PSA,  plasmin, 
human  serum,  and  thrombin  and  yields  a  fragment  of  ap¬ 
proximately  16  kDa  or  20  kDa  (glycosylated  IGFBP-3)  (10). 
However,  the  COOH-terminal  fragments,  containing  a 
highly  basic  heparin-binding  domain,  have  only  been  de¬ 
tected  in  vitro  by  plasmin  digestion  of  intact  IGFBP-3  and 
these  fragments  seem  to  inhibit  degradation  of  other  binding 
proteins  (17),  It  is  recognized  that  IGFBP  proteolysis  also 
occurs  in  the  normal  state  outside  of  the  bloodstream  (18, 19) 
and  that,  in  the  cell  environment,  it  is  an  essential  mechanism 
in  regulating  the  bioavailability  of  IGF.  Both  intact  IGFBP-3 
and  IGFBP-3  proteolytic  fragments  have  been  shown  to  be 
capable  of  blocking  the  mitogenic  effect  of  IGFs  (20).  Whether 
these  actions  primarily  represent  IGF-dependent  or  IGF- 
independent  remains  to  be  determined. 
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Our  laboratories  have  demonstrated  that  the  NH2-termi- 
nal  recombinant  fragments  of  IGFBP-3  and  retain 
the  ability  to  bind  IGF,  albeit  with  substantially  reduced 
affinity.  Additionally,  these  fragments  specifically  bind  in¬ 
sulin  and  modulate  insulin  binding  to  its  receptor  (21,  22). 
Based  on  these  studies,  it  has  been  hypothesized  that  the 
conserved  NH2-  and  COOH-terminal  sequences,  as  well  as 
the  appropriate  ternary  structure  formed  by  disulfide  bonds 
in  the  six  classical  IGFBPs,  are  all  required  for  high-affinity 
binding  of  IGFs.  A  recent  study  had  indicated  that  a  natural 
COOH-terminal  fragment  of  human  IGFBP-2  retained  par¬ 
tial  IGF-binding  activity  (23),  and  a  COOH-terminal,  13-kDa 
IGFBP-5  fragment  (isolated  from  hemofiltrate)  showed  sim¬ 
ilar  results  (24).  However,  there  is  limited  information  on  the 
binding  characteristics  of  the  IGFBP-3  COOH-terminal  do¬ 
main  and  the  resultant  biological  effects  of  proteolytic  frag¬ 
ments  containing  either  the  NH2‘  COOH-terminal  residues. 

In  this  study,  we  demonstrate  the  ability  of  COOH- 
terminal  fragments  of  IGFBP-3  to  bind  IGFs.  The 
IGFBP-3  fragment  and  the  ^^“^^^NH2- terminal  fragment  are 
both  characterized,  furthermore,  by  the  ability  to  bind  insulin 
with  low  affinity,  but  with  higher  affinity  than  is  the  case  for 
intact  IGFBP-3.  Additionally,  we  have  examined  the  effect  of 
intact  IGFBP-3  and  the  IGFBP-3  fragments  on  IGF-I-stimu- 
lated  autophosphoryiation  of  the  IGF-I  receptor  (IGFIR) 
/3-subunit  and  their  ability  to  associate  with  the  cell  surface. 

Materials  and  Methods 

Antibodies  and  reagents 

IGF-I  and  IGF-II  were  purchased  from  Austral  Biologicals  (Santa 
Clara,  CA).  (specific  activities  between  50-70  p-Ci//u.g  by  a 

modification  of  chloramine-T  technique)  and  IGFBP-3  monoclonal  an¬ 
tibody  were  kindly  provided  by  Diagnostic  Systems  Laboratories,  Inc., 
Webster,  TX.  was  obtained  from  Celtrix  Pharma¬ 

ceuticals,  Inc.  (Santa  Clara,  CA).  ^^'''I-(A14)-monoiodinated  insulin  was 
purchased  from  Amersham  Pharmacia  Biotech  (Piscataway,  NJ).  Bovine 
insulin  was  purchased  from  Sigma  (St.  Louis,  MO).  Antiphosphoty- 
rosine  monoclonal  antibody  (4G10)  was  a  generous  gift  from  Dr.  B.  J, 
Druker  (Department  of  Hematology  and  Medical  Oncology,  Oregon 
Health  Sciences  University).  Reagents  used  for  SDS-PAGE  were  pur¬ 
chased  from  Bio-Rad  Laboratories,  Inc.  (Richmond,  CA). 

Cell  culture 

NIH-3T3  cells  overexpressing  the  human  IGFIR  were  kindly  gifted 
from  Dr.  C.  T.  Roberts,  Jr.  (Department  of  Pediatrics,  Oregon  Health 
Sciences  University)  and  grown  in  DMEM  with  10%  FCS  plus  500 
geneticin  at  37  C  with  5%  C02. 

Generation  and  purification  of  recombinant  IGFBPS 
proteolytic  fragments 

(i-97)jgfbP-3  and  ^*‘^**"‘^*^4GFBP-3  FLAG-epitope  tagged  fragments 
were  generated  and  purified  in  baculovirus  and  tested  to  be  99%  pure, 
as  described  earlier  (25,  26).  The  cDNAs  for  the  COOH-terminal  frag¬ 
ments  and  ^^^■*-264)  were  generated  by  PCR  amplification  from  the 
human  IGFBP-3  cDNA  and  a  FLAG  epitope  sequence  (DYKDDDDK), 
and  a  stop  codon  was  added  immediately  following  amino  acid  264.  The 
signal  peptide  sequences  of  IGFBP-3  cDN  A  were  ligated  to  NH2-termini 
of  IGFBP-3  fragments.  After  sequencing,  the  98-264  amplicon  was  then 
subcloned  into  the  baculovirus  expression  vector  pFASTBACl  (Life 
Technologies,  Inc.,  Grand  Island,  NY)  and  transformed  into  DHlOBac 
Escherichia  coli  cells.  The  amplified  DNA  was  transfected  into  Sf9  insect 
cells  (ATCC,  Manassas,  VA),  and  large-scale  protein  purification  was 
begun  by  infecting  the  P2  virus  into  10®  HI-5  insect  cells  (Invitrogen, 
Carlsbad,  CA),  at  a  multiplicity  of  infection  of  3,  at  27  C  for  3  days.  The 


media  from  the  infected  cells  were  collected  and  concentrated,  and  the 
resultants  were  bound  to  an  anti-M2  antibody  column  overnight  at  4  C, 
and  the  FLAG  tagged  was  then  eluted  by  using  FLAG 

peptide  (0.5  p,g/ml),  as  described  earlier  (27).  The  purified  protein  was 
subjected  to  SDS-PAGE  in  a  15%  gel  and  stained  with  Coomasie  blue. 
Further,  the  fragment  was  also  identified  by  immunoblotting  with  the 
M2  anti-FLAG  antibody  (Eastman  Kodak  Co.,  New  Haven,  CT)  and 
anti-IGFBP-3  monoclonal  antibody  (Diagnostic  Systems  laboratories, 
Inc.).  Eluted  fractions  from  an  anti-M2  antibody  column  were  pooled, 
concentrated,  and  quantitated  by  comparison  with  known  amounts  of 
BSA  and  igfBP-3^'^‘"'‘'""''“'  after  silver  staining. 

The  ^^®^"^®^4GFBP-3  amplicon,  after  sequencing,  was  subcloned  in  the 
C-terminal  end  of  glutathione  S-transferase  (GST)  in  Ihe  plasmid 
pGEX4T  and  transformed  into  Escherichia  coli  cells.  The  culture  was 
grown  overnight  in  LB-ampicillin  and  induced  with  2  mM  IPTG,  and  the 
cell  lysates  of  the  GST  fusion  protein  were  prepared.  The  lysates 

were  incubated  with  GST  Sepharose  beads  for  1  h  at  RT  and  then 
washed.  Purity  and  concentration  of  the  fragments  were  determined  by 
comparison  with  known  amounts  of  BSA  standards  after  silver  staining. 
Further,  the  purified  protein  was  subjected  to  SDS-PAGE  in  a  15%  gel 
and  stained  with  Coomasie  Blue  and  also  transferred  to  nitrocellulose 
and  identified  by  immunoblotting  with  M2  anti-FLAG  antibody  (1:3000 
dilution). 

Affinity  cross-linking 

Intact  IGFBP-3  or  the  NH2-  and  COOH-terminal  fragments  were 
incubated  with  ^"^I-IGF-I  or  ^^®I-insulin  (50,000  cpm),  in  the  presence  or 
absence  of  unlabeled  ligand,  in  a  100-jxl  vol  for  16  h  at  4  C  and  then 
cross-linked  with  0.5  mM  disuccinimidyl  suberate  (DSS)  for  15  min  at  4 
C.  The  samples  were  then  subjected  to  SDS-PAGE  (12%  or  15%  gels) 
under  reducing  conditions,  and  autoradiography  on  Biomax  MS  film 
(Eastman  Kodak  Co.).  Bands  were  quantified  by  densitometry  (Bio-Rad 
Laboratories,  Inc.). 

Western  ligand  blot  analysis 

Ligand  blotting  was  performed  as  described  by  Hossenlopp  at  al  (28), 
with  minor  modifications.  Briefly,  samples  of  intact  IGFBP-3 
IGFBP-3,  and  ^^®"^®^4GFBP-3  fragments,  at  the  concentrations  indicated 
in  the  figure  legends,  were  subjected  to  SDS-PAGE  (12%  or  15%  gel) 
under  reducing  or  nonreducing  conditions,  electroblotted  onto  nitro¬ 
cellulose  filters,  incubated  with  1.5  X  10®  cpm  of  ^^®I-insulin  or  a  mixture 
of  ^^^I-IGF-I  and  ^^^I-IGF-II,  washed,  dried,  and  exposed  to  film 
(Biomax). 

Monolayer  ^'^^I-IGF-I  affinity  cross-linking 

^^®I-IGF-I  (100,000  cpm)  was  preincubated  in  a  microfuge  tube  for  2  h 
at  4  C,  in  the  presence  or  absence  of  cold  IGF-I,  intact  IGFBP-3  (30  um) 
(98-264)^  IGFBP-3  (250  nM)  (^84-264)^  IGFBP-3  (250  nM),  or  ^^-^^4GFBP-3  (250 
nM),  in  binding  buffer  (50  mM  HEPES,  150  mM  NaCl,  0.5%  BSA).  Con¬ 
fluent  NIH-3T3  cells  stably  transfected  with  the  human  IGFIR  cDNA 
(NIH-3T3-IGFIR  cells)  were  incubated  in  serum  free  medium  overnight. 
The  cells  were  washed  once  with  PBS.  The  cells  were  incubated  with  the 
^^'^I-IGF-I/ IGFBP-3  combinations  in  triplicate  wells  for  3  h  at  15  C.  The 
cells  were  then  washed  with  PBS  and  cross-linked  with  DSS  for  15  min 
at  4  C,  and  the  reaction  was  quenched  with  100  mM  Tris/HCl.  The  cells 
were  solubilized  with  sample  buffer.  The  covalent  ligand-receptor  {^^®1- 
IGF-I-IGFIR)  complex  in  the  lysates  was  resolved  on  a  nonreducing  6% 
SDS-PAGE,  followed  by  autoradiography.  Another  set  of  the  same  sam¬ 
ples  of  cell  lysates  was  run  on  a  15%  SDS-PAGE  under  reducing  con¬ 
ditions  and  immunoblotted  with  M2  anti-FLAG  antibody  or  anti-IGFBP-3 
monoclonal  antibody,  and  the  cell-associated  bands  were  detected  with 
enhanced  chemiluminescence  (Amersham  Pharmacia  Biotech). 

Determination  of  cell- surface  association  of  intact  IGFBPS 
and  the  fragments 

Confluent  monolayers  of  NIH-3T3-IGFIR  cells  were  incubated  in 
serum  free  medium  overnight.  Intact  IGFBP-3  (30  nM);  fragments  98-264 
(250  nM),  184-264  (250  nM),  or  1-97  (250  nM)  in  the  presence  or  absence 
of  100  /xg/ml  heparin  (Sigma),  in  binding  buffer,  was  added  to  the  cells. 
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In  a  similar  experiment,  cells  were  treated  with  heparin  (100  fig/ ml)  for 
1  h,  before  addition  of  the  peptides  as  listed  above.  The  treatments  were 
carried  out  at  15  C  for  3  h.  l^e  cells  were  washed  with  PBS  and  cross- 
linked  with  DSS,  as  described  above.  The  solubilized  cell  lysates  were 
then  run  on  a  15%  SDS-PAGE  and  immunoblotted  with  anti-IGFBP-3 
monoclonal  antibody  and  detected  with  enhanced  chemiluminescence. 

IGF-I-induced  IGFIR  autophosphorylation  assay 

Confluent  monolayers  of  serum-starved  NIH-3T3-IGFIR  cells  were 
exposed  for  5  min  to  7  nM  IGF-I,  which  had  been  preincubated  with/ 
without  intact  IGFBP-3  IGFBP-3  ,or  ^^^-''^^IGFBP-B  for  2  h  at  4  C. 
The  reaction  was  quenched  by  solubilization  buffer  [1%  Nonidet  P-40, 
20  mM  Tris-HCl  (pH  8.0),  1  mM  EDTA,  150  mM  NaCl,  10%  glycerol,  12 
U/ml  aprotinin,  phenylmethylsulfonyl  fluoride,  and  1  mM  Na3V04]. 
Solubilized  proteins  (25  fil  of  the  cell  lysates)  were  separated  by  SDS- 
PAGE  (7.5%)  under  reducing  conditions  and  visualized  by  immunoblot 
analysis.  For  immunoblot  analysis,  the  filters  were  blocked  in  Tris- 
buffered  saline  (TBS)  with  2%  gelatin  for  1  h  at  room  temperature  and 
then  incubated  with  antiphosphotyrosine  monoclonal  antibody  (1.5  fig/ 
ml)  diluted  by  TBS  +  0.1%  Triton  X-100  (TBST)  for  1  h  at  room  tem¬ 
perature.  The  filters  were  then  rinsed  in  1  X  TBST  and  incubated  in  a 
1:5000  dilution  of  goat  antimouse  IgG-conjugated  horseradish  peroxi¬ 
dase  (Amersham  Pharmacia  Biotech)  for  1  h  at  room  temperature.  Im- 
munoreactive  proteins  were  visualized  using  an  enhanced  chemilumi¬ 
nescence  detection  system. 


Results 

Expression  of  the  IGFBP’3  recombinant  fragments 

Based  on  the  ascertained  and  predicted  PSA  recognition 
sites  in  IGFBP-3  and  the  recognition  sites  for  other  known 
IGFBP-3  proteases,  such  as  metalloproteases  and  plasmin, 
both  intact  IGFBP-3  and  four  different  recombinant  frag¬ 
ments  were  generated  in  a  baculovirus  and/or  Escherichia  coli 
expression  system.  Each  peptide  was  coupled  with  a  FLAG- 
epitope  tag  at  the  carboxy terminus,  as  shown  in  Fig.  1  A.  The 
purified  proteins  were  immunoblotted  with  anti-FLAG  M2 
or  anti-IGFBP-3  monoclonal  antibody  for  estimation  of  their 
molecular  weights.  Intact  IGFBP-3  and  all  the  fragments 
were  detectable  by  anti-FLAG  M2  antibody  under  reducing 
(Fig.  IB)  and  nonreducing  conditions.  Dimerized  forms  of 
the  proteins  were  identified  in  anti-FLAG  M2  immunoblots 
run  under  nonreducing  conditions  (data  not  shown).  Small 
discrepancies  between  the  for  intact  IGFBP-3 
IGFBP-3  IGFBP-3,  and  («®-^^»^IGFBP-3  proteins  seen 

on  the  immunoblots  relative  to  the  predicted  Mr,  which  is 
purely  based  on  amino  acid  composition  of  the  proteins,  may 
have  arisen  because  of  N-linked  glycosylation.  There  are 
three  potential  N-glycosylation  sites  (Fig.  1  A):  Asn®^  Asn^°^, 
and  Asn^^^  in  IGFBP-3  (29).  The  anti-IGFBP-3  monoclonal 
antibody  detected  intact  IGFBP-3  and  under 

both  nonreducing  (Fig.  IB)  and  reducing  conditions  (data  not 
shown).  The  fragment  1-97  was  detectable  only  under  non¬ 
reducing  conditions.  The  184-264  and  88-148  fragments 
were  not  detected  effectively  with  this  antibody. 

Analysis  of  IGF  binding  to  the  IGFBP-3 
proteolytic  fragments 

To  determine  whether  the  regions  encompassed  by  the 
IGFBP-3  fragments  contained  a  functional  IGF-I-binding/ 
cross-linking  site,  the  proteins  were  incubated  with  ^^^I-IGF-I 
and  then  affinity  cross-linked  with  DSS  and  analyzed  by 
SDS-PAGE.  The  data  in  Fig.  2A  demonstrate  that  ^^^I-IGF-I 
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Fig.  1.  Expression  of  FLAG-epitope  tagged  human  IGFBP-3  and  its 
fragments.  A,  The  cDNA  for  preparation  of  the  IGFBP-3  fragments  was 
synthesized  by  a  series  of  PCR  reactions  using  the  human  IGFBP-3 
cDNA  as  template  and  incorporating  sequence  encoding  a  COOH-ter- 
minal  FLAG  epitope  tag.  The  dark  boxes^^^^'^-  represent  the  conserved 
NH2-ternimal  region;  the  diamond  striped  the  conserved 

COOH-terminal  region;  and  the  square  striped  boxes  the  variable 

intermediate  region  of  IGFBP-3.  The  predicted  molecular  weights  (MW) 
are  based  on  the  amino  acid  composition  of  the  proteins.  B,  Protein 
expression  was  analyzed  by  immunoblotting  using  the  M2  monoclonal 
antibody  under  reducing  conditions  or  the  IGFBP-3  monoclonal  antibody 
under  nonreducing  conditions,  coupled  to  ECL. 


can  be  cross-linked  to  the  ^^"^^TGFBP-3  and  <^®-2^TGFBP-3 
fragments  in  a  dose-dependent  manner.  Significant  IGF 
cross-linking  was  observed  at  50  nM  concentrations  of 
(i-97)igfbp-3,  which  was  completely  saturated  by  100  nM 
concentrations.  In  the  case  of  ^^®“^^TGFBP-3,  a  dose- 
dependent  increase  in  IGF  binding  with  increasing  protein 
concentrations  with  saturation  of  binding  occurred  by 
500-nM  concentration  range.  The  expected  sizes  of  the  indi¬ 
vidual  proteolytic  fragment  coupled  to  7-kDa  ’^^I-IGF-I  were 
detected,  shown  as  25-  and  41-kDa  bands,  respectively.  A 
faint  band  at  39  kDa  is  potentially  a  dimerized  form  of 
fragment  cross-linked  to  IGF-I. 

For  estimation  of  the  affinity  of  IGF-I  binding,  the  pro¬ 
teolytic  fragments  were  affinity  cross-linked  with  ^^HGF-I 
in  the  presence  of  increasing  amounts  of  unlabeled  IGF-I  or 
insulin  ranging  between  0.15-4.5  pM.  A  dose-dependent  dis- 
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Fig.  3.  IGF-I  Western  ligand  blot.  IGFBP-3  and  the  proteolytic  frag¬ 
ments  (indicated  concentrations)  were  electrophoresed  on  12%  SDS- 
PAGE  under  nonreducing  conditions.  After  electroblotting  to  nitro¬ 
cellulose,  the  blots  were  incubated  with  a  mixture  of  ^^®I-IGF-I  and 
125I.IGF-II.  Values  associated  with  the  arrows  indicate  the  calculated 
molecular  weights  of  the  major  radioactive  species. 
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Fig.  2.  IGF  binding  analysis.  A,  ^^s^gF-I  affinity  cross-linking: 
IGFBP-3  proteolytic  fragments  were  incubated  with  ^^®I-IGF-I  (1  x 
10®  cpm)  in  a  100  /xl  vol  for  16  h  at  4  C  and  then  cross-linked  with  0.5 
mM  DSS  for  15  min  at  4  C.  The  affinity-labeled  fragments  were 
separated  on  a  15%  SDS  polyacrylamide  gel  under  reducing  condi¬ 
tions.  An  autoradiogram  of  the  gel  is  shown.  Values  associated  with 
the  arrows  indicate  the  calculated  molecular  weights  of  the  major 
radioactive  species.  B,  Competitive  ^^®I-IGF-I  affinity  cross-linking: 
IGFBP-3  fragments  (50  nM)  equivalent  to  5  pmol,  were  incubated  with 
radiolabeled  IGF-I  in  the  presence  or  absence  of  the  indicated  con¬ 
centrations  of  unlabeled  IGF-I  or  insulin.  Cross-linking  was  then  done 
with  DSS,  followed  by  SDS-PAGE  under  reducing  conditions.  The 
autoradiogram  shown  is  representative  of  three  replicates.  The  ar- 


placement  of  labeling  of  the  IGFBP-3  fragments 

1-97  and  98-264  was  observed  with  increasing  concentra¬ 
tions  of  unlabeled  IGF-I  (Fig.  2B).  Quantitative  analysis  of  the 
radioactive  bands  in  these  gels  was  done  by  densitometric 
analysis,  and  the  data  were  plotted,  as  a  function  of  IGF-I  or 
insulin  concentration,  to  construct  ^^^I-IGF-I  displacement 
curves  (Fig.  2C).  Calculation  of  the  unlabeled  IGF-I  concen¬ 
trations  required  to  achieve  50%  displacement  of  binding 
(IC50)  indicated  that  ^^"^^^IGFBP-3  fragment  had  an  IC50  value 
of  0.2-0.3  fiM.  The  ^^^"^^‘^^IGFBP-S  fragment  binding  to  ^“^I- 
IGF-I  was  completely  displaced  by  0.15  ixm  unlabeled  IGF-I 
(Fig.  2B)  and,  using  lower  concentrations  of  unlabeled  IGF-I 
in  similar  experiments,  revealed  the  IC50  to  be  in  the  range 
of  0.1-0.15  jut-M  (Fig.  2C).  In  addition,  insulin  was  also  able  to 
compete  for  ^^'^I-IGF-I  binding  to  the  fragments,  especially  to 
(i-97)igfbP-3.  The  IC50  values  calculated  for  unlabeled  insu¬ 
lin  to  compete  for  ^^‘“^I-IGF-I  binding  revealed  that  the  1-97 
fragment  had  an  IC50  value  of  about  0.3  /llm  insulin,  which 
was  at  least  3-fold  lower  than  that  of  the  98-264  fragment 
(IC50  =  0.8-1  juiM),  as  shown  in  Fig.  2C.  In  summary,  the 
0-97)iGpBp.3  showed  slightly  lower  binding  affinity  for 
IGF-I,  relative  to  <'’®-“^"^IGFBP-3,  and  ^"^"I-IGF-I  binding  to  the 
fragments  was  equipotently  displaced  by  insulin. 

Further,  the  ability  of  the  fragments  to  bind  IGF-I  and 
IGF-II  was  assessed  by  Western  ligand  blotting.  The  data  in 
Fig.  3  demonstrate  that  both  the  1-97  and  98-264  fragments 
were  able  to  bind  to  a  mixture  of  IGF-I  and  IGF-II  at  con¬ 
centrations  as  low  as  5-10  pmol.  It  is  to  be  noted,  however, 
that  the  intensity  of  the  major  radiolabeled  bands  was  much 
lower  than  that  observed  with  intact  IGFBP-3  at  similar  con¬ 
centrations.  The  20-kDa  faint  band  observed  in  the  case  of 
(i-97)jQpgp_3  probably  a  different  glycosylation  product  of 
the  16-kDa  fragment. 


rows  indicate  the  major  radioactive  species.  C,  Quantitative  analysis 
of  radiolabeled  ^^®MGF-II  displacement  from  IGFBP-3  fragments: 
the  gels  shown  in  B  were  densitometrically  analyzed  for  quantitative 
estimation  of  the  radioactivity  associated  with  the  individual  bands, 
except  in  the  case  of  98-264  displacement  with  cold  IGF-I,  in  which 
affinity  cross-linking  was  done  with  lower  concentrations  of  cold 
IGF-I,  to  construct  the  displacement  curve.  The  data  have  been  ex¬ 
pressed  as  a  percentage  of  maximal  band  intensity. 
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Analysis  of  insulin  binding  to  IGFBP‘3  fragments 

The  observations  that  insulin  could  compete  for  ^^"^I-IGF-I 
binding  to  the  fragments  led  us  to  assess  their  insulin  binding 
activity.  Both  and  ^^®-2^‘*^IGFBP-3  showed  a 

strong  ^^Mnsulin  cross-linking  band,  in  comparison  with 
that  observed  with  IGFBP-3  at  similar  concentrations  (Fig. 
4a).  Unlabeled  insulin  was  able  to  dose-dependently  inhibit 
^^^I-insulin  binding  to  both  the  NH2  and  COOH- terminal 
fragments  (Fig.  4B),  although  even  higher  concentrations  of 
unlabeled  insulin  could  not  completely  displace  ^^^I-insulin 
binding  to  the  ^^®~^^‘‘^IGFBP-3,  suggesting  a  slow  dissociation 
rate.  Calculation  of  the  unlabeled  insulin  concentrations  re¬ 
quired  to  achieve  IC50  indicated  that  the  ^^'‘^^^IGFBP-3  had  an 
IC50  value  ranging  between  0.3- 0.4  whereas  nearly  1  /llm 
unlabeled  insulin  was  required  to  cause  50%  displacement  of 
^^^I-insulin  binding  to  the  fragment  (Fig.  4c).  IGF-I  was 
also  able  to  compete  for  the  ^^^I-insulin  binding  to  the  frag¬ 
ments,  although  higher  concentrations  of  IGF-I  were  required 
in  the  case  of  ^^®’'^^^IGFBP-3.  In  summary,  the  ^^■^^^IGFBP-3 
showed  significantly  high  affinity  for  insulin,  relative  to  the 

(98-264)jQpgp.3  fragment. 

Further,  Western  blot  analysis  with  iodinated  insulin 
showed  that  both  the  1-97  and  the  98-264  fragments  bound 
insulin.  The  IGFBP-3  intermediate  fragment  which 

lacks  both  the  NH2-  and  COOH-terminal  domains,  showed 
no  binding  to  IGF-I,  IGF-II,or  insulin,  in  Western  ligand  blot 
(data  not  shown). 

IGFBP-3  and  1-97  fragment  inhibit  IGF-I  interaction  with 
the  IGFIR 

To  determine,  whether  the  ability  of  intact  IGFBP-3  and  the 
amino-  and  carboxyterminal  fragments  to  bind  IGFs  in  vitro 
lead  to  sequestration  of  IGFs  in  vivo,  a  ^^^I-IGF-I  monolayer 
affinity  cross-linking  assay  was  done  in  the  NIH-3T  cells 
overexpressing  the  IGFIR  (NIH-3T3-IGFIR).  The  data  in  Fig. 
5A  shows  that  ^^^I-IGF-I  specifically  cross-links  with  the 
IGFIR  shown  as  a  230-kDa  band  under  nonreducing  condi¬ 
tions.  ^^^I-IGF-I  binding  to  IGFIR  was  completely  displaced 
by  100  nM  unlabeled  IGF-I.  Further,  the  IGF-I-IGFIR  complex 
formation  was  completely  inhibited  by  preincubation  of  the 
iodinated  IGF-I  with  unlabeled  IGFBP-3  (30  nM)  and  about 
90%  inhibited  by  preincubating  with  250  nM  concentration  of 
(1-97)  NH2-terminal  fragment.  The  cross-linked  band  was  not 
inhibited,  however,  by  preincubation  of  the  ^^^I-IGF-I  with 
250  nM  of  <^®-^^>IGFBP-3  or  the  ^^®^"^^^IGFBP-3  fragment. 

The  same  set  of  samples  were  resolved  on  an  immunoblot 
and  probed  with  M2  anti-FLAG  antibody.  Results  in  Fig.  5B 
show  that  the  carboxyterminal  fragments  (^84-264)^ 

and  intact  IGFBP-3  molecules  associated  with  the  cell  surface 
in  the  presence  of  IGF-I.  ^^“^^^IGFBP-3,  however,  showed  no 
cell-associated  band. 

The  carboxyterminal  fragments  have  the  ability  to  associate 
to  the  cell  surface 

Since,  compared  with  the  NH2-terminal  fragment,  the 
(98-264)  COOH-terminal  IGFBP-3  fragment  failed  to  inhibit 
binding  of  IGF-I  to  the  IGFIR,  we  wanted  to  study  the  ability 
of  the  fragments  to  associate  with  the  cell  surface  in  the 


absence  of  IGF-I.  Monolayer  cross-linking  was  carried’ out 
with  the  FLAG-epitope  tagged  intact  IGFBP-3  or 
fragments  in  NIH-3T3-IGFIR  cells,  and  the  cell-associated 
proteins  were  detected  by  immunoblotting  the  cell  lysates 
with  anti-IGFBP-3  monoclonal  antibody.  The  carboxy¬ 
terminal  fragment  and  intact  IGFBP-3  molecules  associated 
with  the  cell  surface.  ^^"^^^IGFBP-3,  however,  showed  no  cell- 
associated  band  (Fig,  6,  lanes  2  and  5).  Further,  there  was  no 
detectable  shift  in  molecular  weights  of  the  cross-linked  pro¬ 
teins  when  compared  with  control  (Fig.  IB)  noncross-liiiked 
protein  preparations. 

To  test  whether  the  ability  of  intact  IGFBP-3  and  the  car- 
boxylterminal  fragment  to  bind  to  the  cell  surface  was  via  the 
heparin-binding  domains,  cells  were  preincubated  with  hep¬ 
arin  (100  jULg/ml)  and  then  treated  with  the  peptides;  alter¬ 
natively,  the  peptides  were  preincubated  with  heparin  and 
then  added  to  the  cells,  followed  by  monolayer  cross-linking 
in  both  cases  (Fig.  6).  Similar  results  were  observed  in  both 
types  of  experiments,  i.e.  heparin  blocked  the  cell  surface 
association  of  intact  IGFBP-3  (Fig.  6,  lanes  3  and  4)  and  the 
(98-264)jQpgp_3  fragment  (Fig.  6,  lanes  6  and  7). 

Inhibition  of  IGFIR  signaling 

Since  intact  IGFBP-3  and  its  fragments  have  the  ability  to 
bind  IGFs  and  thereby  impede  its  interaction  with  the  IGFIR, 
we  analyzed  the  potential  biological  manifestation  of  this 
interaction  on  IGFIR  signaling.  This  was  carried  out  by  test¬ 
ing  the  effect  of  IGFBP-3  and  its  fragments  on  IGF-I-induced 
IGFIR  autophosphorylation  in  NIH-3T3-IGFIR  cells.  Control 
experiments  with  IGF-I  revealed  that  5-min  treatments  with 
7-14  nM  of  the  peptide  showed  maximal  intensity  autophos¬ 
phorylation  of  the  95-kDa  band  of  the  j3-subunit  of  IGFIR  in 
antiphosphotyrosine  immunoblots  (Fig.  7A). 

IGFBP-3  inhibited  IGF-I-stimulated  autophosphorylation 
of  the  IGFIR  jS-subunit  in  a  dose-dependent  manner  (Fig.  7B). 
Quantification  of  the  inhibition  of  the  phosphorylated  sub¬ 
unit  of  IGFIR  was  carried  out  by  densitometrically  analyzing 
the  specific  95-kDa  band  and  the  116-kDa  nonspecific  band 
in  each  gel.  The  ratio  of  the  two  band  intensities  was  used  to 
normalize  and  calculate  the  percentage  of  maximal  IGF-I- 
stimulated  IGFIR  autophosphorylation  detected  in  the  pres¬ 
ence  of  IGFBP-3  and  the  IGFBP-3  fragments  (Fig.  7C).  IGFBP-3 
caused  50%  inhibition  of  the  IGF-I-induced  autophosphoryla¬ 
tion  at  5-7  riM  concentration  range,  and  by  15-20  ruvi  IGFBP-3 
concentrations,  complete  inhibition  of  IGFIR  autophosphory¬ 
lation  was  observed.  In  contrast,  the  ^^■^^IGFBP-3  fragment 
inhibited  receptor  autophosphorylation  only  at  higher  concen¬ 
trations  (50-70%  inhibition  at  100-250  nM  concentrations).  The 
(98->264)jQpgp^3  (i84-264)jQpgp^3  fragments,  however,  did 

not  show  any  significant  inhibition  of  IGF-I-induced  IGFIR 
autophosphorylation,  even  at  250  nM  concentrations  (Fig.  7,  B 
and  C),  although  these  fragments  were  able  to  bind  IGF-I  in 
binding  assays. 

Discussion 

We  report  herein  that  IGFBP-3  fragments  are  capable  of 
binding  IGF-I  and  IGF-II,  although  with  lower  affinity  than 
that  seen  with  intact  IGFBP-3.  Further,  the  fragments  have 
the  ability  to  bind  insulin  with  higher  affinity  than  observed 
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Fig.  4.  Insulin  binding  analysis.  A,  ^^^I-insulin  affinity  cross-linking: 
IGFBP-3  proteolytic  fragments  were  incubated  with  ^^^I-insulin  (1  x 
10  cpm)  in  a  100  p,l  vol  for  16  h  at  4  C  and  then  cross-linked  with  0.5 
mM  DSS  for  15  min  at  4  C.  The  affinity  labeled  fragments  were 
separated  on  a  15%  SDS  polyacrylamide  gel.  An  autoradiogram  of  the 
gel  is  shown,  which  is  representative  of  three  replicates.  Values  as¬ 
sociated  with  the  arrows  indicate  the  calculated  molecular  weights  of 
the  major  radioactive  species.  B,  Competitive  ^^^I-insulin  affinity 
cross-linking:  IGFBP-3  and  the  proteolytic  fragments  (50  nM)  equiv¬ 
alent  to  5  pmol,  were  incubated  with  radiolabeled  insulin  in  the 
presence  or  absence  of  the  indicated  concentrations  of  unlabeled  in¬ 
sulin  or  IGF-I.  Cross-linking  was  then  done  with  DSS,  followed  by 
SDS-PAGE.  The  autoradiogram  of  the  dried  gel  is  shown.  The  arrows 
indicate  the  major  radioactive  species.  C,  Quantitative  analysis  of 
radiolabeled  displacement  from  IGFBP-3  fragments:  the 

gels  shown  in  B  were  densitometrically  analyzed  for  quantitative 
estiination  of  the  radioactivity  associated  with  the  individual  bands. 
Ihe  data  have  been  expressed  as  a  percentage  of  maximal  band 
intensity. 
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Fig.  5.  Monolayer  affinity  cross-linking  with  ^^^I-IGF-I.  A,  ^^^I-IGF-I 
was  preincubated  at  4  C  in  the  presence  or  absence  of  unlabeled  IGF-I 
(100  nM),  IGFBP-3  (30  nM),  or  fragments  (250  nM);  and  then  these 
treatments  were  added  to  confluent  monolayers  of  NIH-3T3-IGFIR 
cells  for  3  h  at  15  C.  After  washing,  the  cells  were  cross-linked,  and 
cell  lysates  were  run  on  a  6%  SDS-PAGE  gel.  The  arrow  indicates  the 
IGFIR  species  cross-linked  to  radiolabeled  IGF-I.  B,  A  set  of  the  same 
cell  lysates  were  run  on  a  15%  SDS-PAGE,  under  reduced  conditions, 
and  immunoblotted  with  M2  anti-FLAG  monoclonal  antibody. 


with  intact  IGFBP>3.  The  principal  conclusion  is  that  the 
high-affinity  binding  of  IGFs  by  IGFBP-3  requires  proper 
tertiary  configuration  of  the  NH2-  and  COOH-terminal  do¬ 
mains.  This  observation  is  further  supported  by  the  recent 
concept  of  an  IGFBP  superfamily  (30, 31).  Over  the  course  of 
evolution,  the  classical  IGFBPs,  which  have  well-conserved 
NH2-  and  COOH-terminal  domains,  evolved  into  high- 
affinity  IGF-binders  (1).  In  contrast,  the  IGFBP-rPs  (low-  affinity 
IGFBPs)  only  share  the  conserved  NH2-terminal  domain  (32). 
This  structural  difference,  combined  with  the  present  data, 
strongly  implicate  the  importance  of  the  IGFBP  COOH-termi¬ 
nal  domain  in  conferring  high-affinity  IGF  binding. 

The  concept  that  interaction  between  NH2-  and  COOH- 
terminal  domains  is  essential  for  high-affinity  IGF  binding 
was  initially  conceived  based  on  observations  that  proteol¬ 
ysis  of  IGFBPs  in  biological  fluids  results  in  fragments  that 
have  diminished  or  no  binding  affinities  for  IGFs  (33).  The  in 
vitro  generation  of  recombinant  fragments  or  fragments  iso¬ 
lated  by  limited  proteolysis  supports  the  in  vivo  data.  A 
16-kDa  fragment  corresponding  to  the  NH2-terminus  and  a 
small  portion  of  intermediate  region,  generated  by  proteo- 
lytically  modifying  IGFBP-4,  specifically  cross-linked  to  both 
IGF-I  and  II,  although  with  a  20-fold  lower  affinity  than  intact 
IGFBP-4  (34,  35).  Similarly,  a  carboxy truncated  23-kDa 
IGFBP-5  fragment  from  osteoblast-like  cells  demonstrated 
decreased  IGF  binding  affinity  (36, 37).  Deletion  mutagenesis 
of  the  carboxyterminal  domains  of  IGFBP-1  and  IGFBP-4  has 
resulted  in  a  decrease  in  IGF  affinity,  thereby  demonstrating 
the  importance  of  the  highly  conserved  Cys-Try-Cys-Val  mo¬ 
tif  in  the  carboxyterminal  region  (38,  39).  The  present  study 
is  the  first  to  clearly  demonstrate  the  ability  of  the  28-kDa 
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Fig.  6.  Effect  of  heparin  on  cell  surface  association  of  IGFBP-3  and 
its  fragments.  Confluent  NIH-3T3-IGFIR  cells  were  treated  with  ei¬ 
ther  peptides  alone  Dane  1,  untreated  cells;  lane  2,  IGFBP-3;  lane  5, 
(98-264)jQpgp_3.  ^^~®'^^IGFBP-3]  or  with  peptides  preincubated 

with  heparin  for  1  h  at  4  C  [lane  4,  IGFBP-3 + heparin;  lane  7, 
(98~264)jQpgp,3  .  Qj.  ggPg  ^gj.g  treated  with  heparin 

for  1  h,  washed,  and  then  the  following  peptides  were  added:  lane  3, 
IGFBP-3;  lane  6,  ^®®“^®'^lGFBP-3.  All  the  treatments  were  carried  out 
for  3  h  at  15  C.  After  washing,  the  cells  were  cross-linked,  and  cell 
lysates  were  run  on  a  15%  SDS-PAGE  and  immunoblotted  with  anti- 
IGFBP-3  monoclonal  antibody.  The  arrows  indicate  the  cell- 
surface-associated  species. 

(98-264)^  IGFBP-3  intermediate+COOH-terminal  proteolytic 
fragment  to  bind  both  IGFs  and  insulin  in  two  different 
procedures,  affinity  cross-linking  and  Western  ligand  blot. 
Interestingly,  the  binding  of  the^^®“^^'^^IGFBP-3  fragment  to 
^^^HGF-I  or  ^^^I-insulin  was  competitively  displaced  by  both 
IGF-I  and  insulin,  though  with  different  affinities,  suggesting 
that  the  insulin  and  IGF  binding  sites  are  probably  not  iden¬ 
tical  but  overlap  or  reside  closely  on  the  IGFBP-3  molecule. 
This  is  in  contrast  with  the  ^^"^^^IGFBP-3  fragment,  where 
insulin  and  IGF-I  were  approximately  equipotent  in  displac¬ 
ing  ^25mgF-L 

We  have  shown  that  IGFBP-3  causes  a  dose-dependent 
inhibition  of  IGF-I-induced  IGFIR  autophosphorylation  in 
NIH-3T3  cells  overexpressing  the  IGFIR,  This  inhibition  oc¬ 
curs  at  an  1:1  molar  ratio  of  IGFBP-3  to  IGF-I,  suggesting  an 
IGF-dependent  mechanism  of  modulation  of  receptor  sig¬ 
naling.  The  NH2-terminal  fragment  retained  the  ability 
to  modulate  IGF-I  binding  and  signaling  via  the  IGFIR  by 
inhibiting  IGF-I-stimulated  IGFIR  autophosphorylation,  al¬ 
beit  at  50-fold  higher  concentrations  than  intact  IGFBP-3. 
That  this  inhibition  of  IGFIR  signaling  is  largely  attributable 
to  sequestration  of  IGF-I  is  strongly  supported  by  the  ob¬ 
servations  that  both  intact  IGFBP-3  and  ^"^^^IGFBP-3  com¬ 
pete  with  ^^^I-IGF-I  binding/cross-linking  to  the  receptor  in 
monolayer  affinity  cross-linking  experiments. 

Interestingly,  the  fragment  unlike  the  ^'-‘"^^IGFBP-S, 
failed  to  show  any  inhibition  of  IGFIR  signaling,  despite  its 
ability  to  bind  IGFs,  as  revealed  by  in  vitro  binding  analysis. 
The  COOH-terminal  fragments  and  (^^4-264)  j 


to  compete  for  ^"^I-IGF-I  binding  and  cross-linking  to  the 
IGFIR,  compared  with  intact  IGFBP-3  and  the  ^  NH2- 
terminal  IGFBP-3  fragment.  We  speculate  that  the  inability  of 
the  fragments  containing  the  COOH-terminal  domain  of 
IGFBP-3  to  inhibit  IGF-I  binding  to  the  IGFIR  could  be  at¬ 
tributable  to  the  following  mechanisms:  1)  the  COOH-ter¬ 
minal  fragment  binds  IGF-I,  and  the  entire  complex  is  still 
capable  of  binding  to  and  autophosphorylating  the  IGFIR, 
implying  that  the  binding  site  on  IGF-I  for  the  receptor  and 
for  the  carboxyterminal  region  of  IGFBP-3  are  different;  and 
2)  the  COOH-terminal  domain  of  IGFBP-3  possesses  an  ex¬ 
tracellular  matrix  (ECM)  binding  region,  and  it  is  possible 
that  in  the  cellular  environment,  the  fragments  containing  the 
COOH-terminal  domains  are  more  prone  to  associate  with 
the  cell  surface  and  are  not  available  to  sequester  IGF-I, 
especially  given  their  low  affinity  for  IGF.  To  test  these  hy¬ 
potheses,  the  ability  of  the  FLAG-epitope  tagged  fragments 
to  associate  with  the  cell  surface  was  studied  in  the  presence 
of  IGF-I,  with  subsequent  cross-linking  and  by  analysis  of  cell 
lysates  on  immunoblots  probed  with  anti-IGFBP-3  or  M2 
anti-FLAG  antibody.  Our  data  indicate  that  the  COOH-ter¬ 
minal  fragments  and  ability  to  as¬ 

sociate  to  the  cell  surface  in  the  presence  of  IGF-I,  unlike  the 
NH2  fragment  ^^■^^teFBP-3,  which  showed  no  cell-surface 
association.  Further,  there  was  no  shift  in  molecular  weight 
of  the  cell-surface  associated  bands,  and  heparin  blocked  the 
binding  of  both  intact  and  the  ^^®"^^'^^IGFBP-3  fragment  to  the 
cell  surface,  ruling  out  the  possibility  of  interaction  of  the 
fragments  with  any  receptor  molecule  and  thereby  support¬ 
ing  the  second  hypothesis.  This  is  in  agreement  with  an 
earlier  study  (40),  which  reported  that  an  IGFBP-3  deletion 
fragment,  lacking  the  184-264  region,  failed  to  show  any 
cell-surface  association.  There  are  two  putative  heparin¬ 
binding  motifs  in  IGFBP-3,  located  at  amino  acids  148-153 
and  219-226  in  the  central  and  carboxyl  terminal  regions, 
respectively,  and  the  carboxyl  terminal  motif  has  been  shown 
to  have  4-fold  higher  affinity  for  heparin  (41).  Recently,  Bra- 
mani  et  al,  1999  (42),  have  identified  two  nonbasic  residues 
(Gly203  and  Gln209)  within  the  ECM  binding  region  (201- 
218)  in  the  carboxyterminal  region  of  IGFBP-5,  mutations  of 
which  cause  8-  tolO-fold  reduction  in  affinity  for  human 
IGF-I.  This  region  is  a  highly  conserved  domain  in  IGFBP-5, 
-3,  and  -6  and  is  known  to  contain  the  heparin-binding  do¬ 
main.  The  authors  have  proposed  that  the  IGF-I  and  ECM 
binding  sites  partially  overlap,  and  heparin  binding  to  the 
basic  amino  acids  might  interfere  with  IGF-I  interaction  in 
vivo. 

Previous  studies  with  mini-receptor  constructs  and  with 
isolated  domains  or  proteolytic  fragments  of  the  IGF2R  (43) 
urokinase  receptor  (44),  GH  receptor  (45),  talin  (46),  to  name 
a  few,  have  confirmed  the  involvement  of  two  or  more  ligand 
contact  regions.  Similarly,  in  the  case  of  IGFBP-3,  it  seems 
that  the  IGF-  and  insulin-binding  domains  are  bipartite  and 
possibly  overlapping.  In  our  biological  system,  the  stoichi¬ 
ometry  of  IGFBP-3  binding  to  IGF-I  seems  to  be  1:1.  We 
postulate  that  both  NH2-  and  COOH-terminal  domains  have 
residues  that  are  capable  of  binding  IGF-I  and  insulin  with 
low  affinity.  However,  there  is  simultaneous  interaction  of 
the  two  so-called  half  sites,  in  intact  IGFBP-3,  which  creates 
a  high-affinity  IGF  binding  site  on  the  molecule.  Simulta¬ 
neously,  this  interaction  leads  to  a  markedly  reduced  ability 
of  intact  IGFBP-3  to  bind  insulin,  possibly  because  of  mask- 
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Fig.  7.  IGFIR  autophosphorylation  assay.  A,  Confluent  NIH-3T3- 
IGFIR  cells  stably  transfected  with  the  human  IGFIR  cDNA  were 
exposed  for  either  5  min  or  10  min  to  1,  7,  and  14  nM  IGF-I  peptide. 
The  reaction  was  quenched  by  solubilization  buffer,  and  the  solubi¬ 
lized  proteins  were  separated  by  7.5%  SDS-PAGE,  under  reducing 
conditions,  and  visualized  by  immunoblot  analysis  using  antiphos- 
pho tyrosine  monoclonal  antibody.  The  arrow  indicates  the  95-kDa 
/3-subunit  of  IGFIR.  B,  Confluent  NIH-3T3-IGFIR  cells  were  exposed 
for  5  min  to  50  ng/ml  IGF-I,  which  had  been  preincubated  with 
IGFBP-3.  1-97,  or  98-264  proteolytic  fragment  for  2  h  at  4  C.  The 


ing  of  the  residues  that  interact  with  insulin,  as  a  result  of 
tertiary  conformational  change  (21).  With  respect  to  IGF 
binding  to  IGFBP-3,  it  is  unclear  whether  the  NH2-  and 
COOH-terminal  domains  contribute  equally.  We  predict  the 
presence  of  functional  residues  in  the  NH2-terminus 
and  COOH-terminus  (149-264)  that  confer  high  affinity  by 
cooperative  or  conformational  changes;  the  structural  resi¬ 
dues  that  mediate  the  necessary  noncovalent  interactions 
may  reside  in  the  NH2-,  intermediate  or  COOH-terminus  of 
the  IGFBP-3  molecule.  Alternatively,  given  the  striking  sim¬ 
ilarity  of  the  NH2"terminal  domains  and  the  fact  that  this 
region  is  encoded  by  a  single  exon  in  all  of  the  classical 
IGFBPs  and  the  IGFBP-rPs  (low-affinity  IGF  binders),  it  is 
possible  that  the  NH2-terminus  is  the  critical  functional  com¬ 
ponent  involved  in  binding  IGFs,  and  that  conformational 
effects  imposed  on  the  NH2-terminus  by  the  COOH-terminal 
domain  are  required  for  high-affinity  binding. 

In  summary,  the  present  study,  along  with  previous  work 
from  our  and  other  laboratories,  clearly  demonstrates  the 
ability  of  the  IGFBP-3  aminoterminal  fragment  to  bind  IGF 
and  insulin  and  to  inhibit  IGFIR  and  insulin  receptor  auto¬ 
phosphorylation  (21, 22),  revealing  that  this  16-kDa  fragment 
may  be  capable  of  both  IGF-I-dependent  and  IGF-indepen- 
dent  roles  in  modulating  cell  growth.  However,  the  car- 
boxylterminal  fragments,  which  also  have  the  ability  to  bind 
both  IGF-I  and  insulin  in  vitro,  fail  to  prevent  binding  of 
either  IGF-I  or  insulin  (data  not  shown)  to  their  respective 
receptors,  because  of  the  tendency  of  these  fragments  for  cell 
surface  association  via  the  heparin-binding  domain.  Also 
intriguing  is  the  identification  of  a  thyroglobulin-like  motif 
in  the  COOH-terminal  regions  of  IGFBP  superfarnily,  which 
has  also  been  found  in  the  superfamily  of  protein  inhibitors 
of  cysteine  proteinases  (47,  48).  Whether  this  highly  con¬ 
served  thyroglobulin  type-I  element  indeed  acts  as  an  in¬ 
hibitor  of  cysteine  proteinases  in  these  proteins,  remains  to 
be  established.  The  intermediate  region  of  IGFBP-3  does  not 
seem  to  bind  IGFs  or  insulin,  and  its  role  in  high-affinity 
binding  to  IGFs  is  probably  related  to  its  ability  to  promote 
proper  tertiary  structure  and  optimal  interactions  between 
the  amino-  and  carboxyterminal  residues.  Further,  it  has 
been  demonstrated  that  the  intermediate  region  of  IGFBP-3 
is  involved  in  the  specific  interaction  between  IGFBP-3  and 
its  putative  cell-surface  receptor  (26).  Taken  together,  it  is 
tempting  to  speculate  that  various  forms  of  IGFBP-3  frag¬ 
ments  resulting  from  proteolysis  by  IGFBP-3  specific  pro¬ 
teases  will  have  different  effects  on  the  IGF-IGFIR  axis,  as 
well  as  potential  IGF-independent  actions. 
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